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Abstract

The stable oxygen isotope fractionation factor between water and the aqueous hydroxide ion is a fundamental geochemical
parameter widely used in the Earth Sciences and other fields. Studies from the 1960s reported aðH2OðlÞ�OH�ðaqÞÞ, the fractiona-
tion factor between liquid H2O and aqueous OH�, theoretically as 1.046 and �1.048 (46‰ and 48‰ at 15 �C and 25 �C) and
experimentally as 1.045 (45‰) at 15 �C. These, or similar values have been used in the literature for almost 60 years. Here I
present quantum-chemical (QC) calculations, showing that the above theoretical values are fundamentally wrong as they per-
tain to free OH� (incorrectly assumed equivalent to aqueous OH�) and ignore intermolecular vibrational modes in solution.
As a result, the theoretical values from the 1960s are off by a factor of �2 (when expressed in ‰), suggesting that the exper-
imental value is also wrong. QC computations of OH�-water clusters with up to n ¼ 22 water molecules demonstrate that
hydrogen bonding in solution significantly affects the fundamental vibrational modes associated with OH� and substantially
reduces the oxygen isotope fractionation between water and OH�ðaqÞ, compared to the fractionation between water and free
OH�. The most accurate QC methods tested here yield values for the fractionation factor between H2O and OH� in water
clusters with n ¼ 7 to 22 water molecules of �1.019 to �1.024 (19 to 24‰) at 25 �C based on the harmonic approximation.
Estimated effects due to anharmonicity (from numerically demanding computations) could add uncertainties of up to �3‰ to
these values.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The stable oxygen isotope fractionation factor between
liquid water and the aqueous hydroxide ion,
aðH2OðlÞ�OH�ðaqÞÞ, is a fundamental physicochemical parame-

ter widely used in geochemistry, physical chemistry, bio-
chemistry, and other fields. For instance, aðH2OðlÞ�OH�ðaqÞÞ is
listed in various compilations (e.g., Friedman et al., 1977;
Rishavy and Cleland, 1999) and is critical to understanding
oxygen isotope partitioning in natural waters (e.g., Clark
https://doi.org/10.1016/j.gca.2020.08.025
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et al., 1992; Clark and Fritz, 1997; Thorstenson and
Parkhurst, 2002), dissolved phosphate (von Sperber et al.,
2014), minerals (Devriendt et al., 2017; Böttcher et al.,
2018), the aqueous CO2 system (Usdowski et al., 1991;
Beck et al., 2005; Sade and Halevy, 2017), corals
(Rollion-Bard et al., 2010), speleothems (Dreybrodt et al.,
2016), travertines (Falk et al., 2016), microbial carbonates
(Thaler et al., 2020), as well as mechanisms of triple oxygen
isotope fractionation (Guo and Zhou, 2019), solvent nucle-
ophile isotope effects (Cassano et al., 2004), and more.
Despite the broad application of aðH2OðlÞ�OH�ðaqÞÞ, the values
currently in use appear to be based on just three studies
published around 1960 (Hunt and Taube, 1959;

https://doi.org/10.1016/j.gca.2020.08.025
mailto:zeebe@soest.hawaii.edu
https://doi.org/10.1016/j.gca.2020.08.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2020.08.025&domain=pdf


R.E. Zeebe /Geochimica et Cosmochimica Acta 289 (2020) 182–195 183
Thornton, 1962; Green and Taube, 1963), which, as shown
below, are very likely in error. Note that the results of
Thornton (1962) and Green and Taube (1963) have been
questioned before based on indirect evidence (Böttcher
et al., 2018) (see Appendix E).

The majority of geochemical applications is primarily
concerned with the oxygen isotope fractionation between
liquid water and the aqueous hydroxide ion. However, for
theoretical and computational reasons, water vapor and
the isolated (free) OH� ion in the gas phase will also be dis-
cussed below (for observational/spectroscopic studies of the
free OH� ion, see e.g., Owrutsky et al. (1985) and Lutz
(1995)). In general, the 18O/16O isotopic exchange reaction
between water and the hydroxide ion in different phases
may be written as:

H16
2 OðpÞ þ 18OH�ðqÞ �H18

2 OðpÞ þ 16OH�ðqÞ ð1Þ
where p ¼ v; l (vapor or liquid) and q ¼ g; aq (gas-phase or
aqueous). The equilibrium constant (K), or fractionation
factor (a), for reaction (1) is given by (single atom
exchange):

Kp�q ¼ aðH2OðpÞ�OH�ðqÞÞ ¼ ap�q ¼
½H18

2 O�p=½H16
2 O�p

½18OH��q=½16OH��q
: ð2Þ

As detailed in Section 2, it appears that so far only three
studies from the late 1950s and early 1960s have reported
theoretical estimates for ap�q and one experimental value
for al�aq at 15 �C (Hunt and Taube, 1959; Thornton,
1962; Green and Taube, 1963). From the brief description
of the experimental methods in Green and Taube (1963)
it is not obvious how exactly al�aq was determined (see
Appendix A). Yet, the authors state good agreement with
the theoretical results, which actually pertain to al�g, i.e.,
to the free, not aqueous, OH� ion (see Section 2, note that
it is not suggested here the experimental results pertain to
al�g). Nevertheless, the results of Thornton (1962) and
Green and Taube (1963) have subsequently been used in
numerous studies for al�aq, cited in various reviews, and
included in several compilations (e.g., Friedman et al.,
1977; Clark and Fritz, 1997; Rishavy and Cleland, 1999;
Thorstenson and Parkhurst, 2002; Devriendt et al., 2017;
Sade and Halevy, 2017). Using quantum-chemical (QC)
calculations, I show here that the theoretical value from
Green and Taube (1963) is fundamentally problematic in
aqueous solution (and off by a factor of �2 when expressed
in ‰), suggesting that the experimental value is also incor-
rect (see Appendix A).

2. ANALYTICAL GAS-PHASE CALCULATION

The theoretical calculations from the late 1950s and
early 1960s (Hunt and Taube, 1959; Thornton, 1962;
Green and Taube, 1963) on the oxygen fractionation
between H2O and OH� are briefly reviewed here for two
reasons. First, the details of the method and calculations
were not provided in the original papers. Hence being able
to reproduce the results will confirm the method that was
applied then. Second, the calculations illustrate the funda-
mental difference to the QC computations employed in this
study. Taube, Thornton and co-workers apparently treated
the aqueous hydroxide ion as an isolated diatomic molecule
in the ‘‘gas phase”. In the harmonic oscillator approxima-
tion, the harmonic frequency is then given by:

f ¼ 1

2p

ffiffiffi
j
l

r
ð3Þ

where j is a force constant and l ¼ m1m2=ðm1 þ m2Þ is the
reduced mass. Frequencies are commonly reported in

wavenumbers (unit cm�1), x ¼ f =c, where c is the speed
of light. To a good approximation, j is the same in the iso-
topically substituted molecule (primed quantities) and
hence the frequency ratio is simply:

x0

x
¼

ffiffiffiffi
l
l0

r
: ð4Þ

Inserting masses for 16OH�, 18OH�, and x ¼ 3615 cm�1 for
16OH� (Thornton, 1962), gives x0 ¼ 3603:05 cm�1, which is
identical to the value given in Table II of Thornton (1962).
With these two frequencies (and a small contribution from
libration (Thornton, 1962)), the OH� partition function
ratio can be calculated as Q0=Q ¼ 1:2279 (see Eqs. (5) and
(6) below). Finally, the equilibrium constant, or fractiona-
tion factor, for the isotopic exchange reaction (Eq. (1)) in
the gas phase at 25 �C is av�g ¼ 1:2752=1:2279 ¼ 1:0385,
where 1.2752 is the corresponding partition function ratio

for H18
2 OðvÞ=H16

2 OðvÞ.
Indeed, 1:0385 at 25 �C was given by Thornton (1962)

and hence confirms the ‘‘gas phase” calculation for both
OH� and H2O (cf. Section 4.1 and Table 1 below). While
Thornton (1962) made no explicit distinction between gas,
solution, free, and aqueous compounds in his calculations,
he applied his results to isotope effects in solution. Taking
into account the fractionation between liquid water and
water vapor, aðH2OðlÞ�H2OðvÞÞ ¼ 1:0094 at 25 �C (Majoube,

1971), Thornton’s calculated fractionation factor becomes
�1:048 between liquid water and free OH�. Hunt and
Taube (1959) and Green and Taube (1963) calculated corre-
sponding values of 1:035 and 1:046 at 25 �C and 15 �C
relative to water vapor and liquid water, respectively. These
authors specifically referred to ‘‘aqueous OH�” and

‘‘O16H�
aq”, whereas their calculation actually pertains to free

OH�.
In summary, early calculations presented values for

the 18O/16O fractionation between liquid water and the
‘‘aqueous” hydroxide ion upwards of 46‰ (T C ¼ 15�
25 �C), assuming no difference between aqueous and free
OH�. Supported by the experimental results of Green and
Taube (1963), such values have been used for
aðH2OðlÞ�OH�ðaqÞÞ since then (see Section 1). I will show below

that the gas phase treatment of the hydroxide ion in aque-
ous solution is fundamentally problematic because of
hydrogen bonding (see Fig. 1). Hydrogen bonding signifi-
cantly affects the fundamental vibrational modes associated
with OH� in aqueous solution and substantially reduces
the oxygen isotope fractionation between water and
OH�ðaqÞ, compared to the fractionation between water
and free OH�.



Fig. 1. OH�-water cluster with n ¼ 22 water molecules based on
quantum-chemistry computations using the X3LYP/6-311+G(d,
p) method (see text). Note the hydrogen bond network (dots)
involving the OH�-oxygen (green circle), which significantly affects
the fundamental vibrational modes associated with the hydroxide
ion in solution. (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. ISOTOPIC EQUILIBRIUM: THEORY

Isotopic fractionation factors in thermodynamic equilib-
rium are calculated from first principles based on differ-
ences in the vibrational energy of molecules. In this study,
we determine harmonic frequencies and molecular forces
using quantum-chemical (QC) computations (e.g. Jensen,
2004; Schauble, 2004; Zeebe, 2005; Guo et al., 2009;
Zeebe, 2014). Fractionation factors were calculated from
reduced partition function ratios (Urey, 1947; Bigeleisen
and Mayer, 1947):

Q0

Q

� �
r

¼ s
s0

Y
i

u0i
ui

expð�u0i=2Þ
expð�ui=2Þ

1� expð�uiÞ
1� expð�u0iÞ

; ð5Þ

with s and s0 being symmetry numbers, ui ¼ hcxi=kT and
u0i ¼ hcx0

i=kT where h is Planck’s constant, c is the speed
of light, k is Boltzmann’s constant, T is temperature in Kel-
vin, and xi and x0

i are the harmonic frequencies of the iso-
topic molecules or the water/OH�-water clusters. The
relationship between the partition function ratio and the
reduced partition function ratio is:

Q0

Q

� �
¼ Q0

Q

� �
r

m0

m

� �3
2

; ð6Þ

where m0 and m are the masses of the heavy and light iso-
topic atoms being exchanged (single atom exchange).

Note that Eq. (5) is based on the harmonic approxima-
tion and hence requires harmonic x’s as input (see discus-
sion in Zeebe (2009)), which we calculate here using QC
computations. In contrast, observed x’s generally include
anharmonicity. Possible errors introduced by anharmonic-
ity will be discussed in Section 3.2. The theoretical calcula-
tions yield b-factors, which, for an isotopic exchange
reaction (single element, compound A), can usually be writ-
ten as:

bA ¼ Q0
A

QA

� � 1
nx

r

; ð7Þ

where nx is the number of atoms being exchanged (nx ¼ 1
for oxygen in the compounds considered here). Finally,
the fractionation factor a between two compounds A and
B is given by (for more details, see, e.g., Zeebe and Wolf-
Gladrow, 2001):

aðA�BÞ ¼ bA

bB

: ð8Þ

The notation aðA�BÞ here refers to compounds (index in

parentheses as commonly used), while ap�q here refers to
the phases of the compounds (index without parentheses,
see Eq. (2)).

3.1. Quantum-chemical computations

We used the quantum-chemical software package
GAMESS, Sep-2018-R3 (Gordon and Schmidt, 2005) and
different computational methods (differing in level of the-
ory, LoT, and basis sets) to determine geometries and fre-
quencies of the isolated (free) H2O and OH� molecules,
as well as water clusters and OH�-water clusters (Fig. 1).
The very basic but fast method HF/6-31G(d) (HF for
short), based on Hartree-Fock theory was used for initial
guesses and pre-optimization (for methods, see e.g.,
Jensen, 2004; Gordon and Schmidt, 2005). However, a’s
and b-factors obtained with HF should be taken with cau-
tion because the method has limited accuracy. The density
functional theory (DFT) method X3LYP/6-311+G(d,p)
(X3LYP+) was employed for higher level optimizations
and large clusters with up to n ¼ 22 water molecules.
X3LYP/6-311++G(d,p), which also adds a diffuse s-
function to hydrogen, gave nearly identical results, e.g.,
Db ¼ 0:2‰ for OH� � ðH2OÞ3; similar for B3LYP/6-311+
+G(2d,2p), which includes 2 d and 2 p polarization func-
tions (see Fig. 4). Computations with the most complete
basis sets (representing molecular orbitals) tested here were
performed with MP2/aug-cc-pVDZ (MP2DZ), which are
however computationally expensive and mostly impractical
for large water clusters.

We selected the methods HF, X3LYP+, and MP2DZ
because they are frequently used in QC computations and
similar LoT and basis sets have been applied to isotope calcu-
lations previously (e.g. Oi, 2000; Schauble, 2004; Zeebe,
2005; Liu and Tossell, 2005; Liu et al., 2010; Zeebe, 2010;
Zeebe, 2014; Zeebe and Rae, 2020). The X3LYP functional
was developed to improve the accuracy for hydrogen-
bonded and van der Waals complexes and has been applied
to large water clusters (Xu et al., 2004; Su et al., 2004). For
HF frequencies, a scale factor of s ¼ 0:92 was applied,
whereas unscaled frequencies were used from X3LYP+
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and MP2DZ computations. Scale factors correct for short-
comings in theoretical treatments, including neglect of
anharmonicity, incomplete electron correlation, and the
use of finite basis sets. Hartree-Fock theory, for instance,
tends to overestimate vibrational frequencies because of
improper dissociation behavior (e.g., Scott and Radom,
1996). The scale factors applied here are close to those
obtained from general low-frequency fits to>1,000 observed
frequencies and are consistent with scale factors from our
previous work on boron, carbon, and oxygen isotopes
(Scott and Radom, 1996; Merrick et al., 2007; Zeebe, 2005;
Zeebe, 2014; Zeebe and Rae, 2020). For all molecules and
water clusters studied here (see Fig. 1), geometry optimiza-
tions were followed by full Hessian (force-constant matrix)
runs to determine frequencies and to ensure that none of
the calculated frequencies was imaginary (which would indi-
cate unstable geometry). Frequencies of the largest clusters
from X3LYP + and MP2DZ computations, including
17O and 18O substitution (of potential interest for triple oxy-
gen isotope studies), are given in the Electronic Annex.

3.2. Anharmonicity

Harmonic frequencies are based on a local quadratic
approximation to the potential energy surface (PES), while
anharmonic frequencies are either based on the actual PES
(obtained directly from observations) or an approximation
closer to the actual PES. As mentioned above, Eq. (5) is
based on the harmonic approximation and hence requires
harmonic frequencies as input by definition (Urey, 1947;
Bigeleisen and Mayer, 1947; Richet et al., 1977; Liu et al.,
2010). Thus, simply inserting anharmonic frequencies into
Eq. (5) to calculate a is incorrect. Yet, one still would like
to know whether anharmonicity effects on the calculated
a’s involving the OH� ion are significant or not.

Possible anharmonicity effects were therefore examined
following an approach described in Zeebe (2009). Note that
Zeebe’s (2009) and, e.g., Liu et al.’s (2010) methods to esti-
mate anharmonic effects are based on similar elements (see,
e.g., Nielsen, 1951; Herzberg, 1966; Richet et al., 1977) but
differ. For instance, Liu et al. (2010) examined in detail a
term G0 in the zero-point energy (important for H/D
exchange) but did not study large water clusters or applied
the approach derived by Zeebe (2009) using Eqs. (11) and
(12) below. Including quartic terms in the potential energy,
the anharmonic zero-point energy contribution to the par-
tition function ratio for polyatomic molecules may be writ-
ten as (Richet et al., 1977):

Q0

Q

� �0

anh

¼ exp � hc
kT

X
i6j

ðx0ij � xijÞ=4
" #

ð9Þ

where xij are anharmonic constants in cm�1 (often negative
for higher fundamentals) and primes refer to the isotopi-
cally substituted molecule. The ratio of the anharmonic
zero-point energy contribution to the partition function
ratio for two compounds A and B is denoted here as qanh:

qanh ¼
Q0

A

QA

� �0

anh

Q0
B

QB

� �0

anh

,
: ð10Þ
The contribution due to anharmonicity of excited vibra-
tional states is usually small at room temperature and will
be neglected (the same goes for other effects beyond the har-
monic approximation, which are likely small for oxygen
exchange, see Liu et al. (2010)). Unfortunately, the xij are
generally unknown for large molecules. However, if har-
monic and anharmonic frequencies have been calculated
numerically, Eq. (9) can be evaluated without knowing
the individual xij. The relationship between harmonic (xi)
and anharmonic frequencies (mi) may be approximated by
(Herzberg, 1966):

mi ¼ xi þ xii þ 1

2

X
j–i

xij ¼ xi þ Dxi: ð11Þ

where xij ¼ xji (note that Eq. (11) strictly only holds for
non-linear triatomic molecules). The sum over all differ-
ences between mi and xi is (a corresponding expression
holds for m0i and x0

i):X
ðmi � xiÞ ¼

X
Dxi ¼

X
i6j

xij; ð12Þ

which is just the sum required to evaluate Eq. (9). Thus
given harmonic and anharmonic frequencies of a molecule
and its isotopologue (e.g., obtained using quantum-
chemistry computations), the anharmonic contribution to
the partition function ratio and thus to a may be estimated
(cf. Tables 1 and 2 below). The details and issues encoun-
tered with anharmonic frequencies for H-bonded clusters
from QC computations (computationally expensive) are
described in Appendix B.

3.3. Calculated vs. observed frequencies

The calculated molecular and cluster frequencies and
their shift upon isotopic substitution (harmonic x and x0)
are key to evaluate Eq. (5) and hence isotopic fractionation.
Unfortunately, experimental harmonic frequencies that can
be used to validate calculated x’s are usually only available
for selected small ions and molecules such as H2OðvÞ (see
Fig. 2). For other ions, molecules, clusters, etc. one has to
rely on observed anharmonic frequencies (m’s). A meaning-
ful comparison then also requires calculated anharmonic
m’s, which, in the case of QC computations, are very expen-
sive for larger molecules and H-bonded clusters (see Appen-
dix B). In addition, observed m’s with proper mode
assignment are usually only available for small clusters.
Here we limit our comparison of calculated vs. observed
frequencies to H2OðvÞ, free OH� and the water dimer,
ðH2OÞ2 (Fig. 2). All QC-computed frequencies used below
obtained at X3LYP/6-311+G(d,p) and MP2/aug-cc-
pVDZ level are unscaled (s ¼ 1:0).

The agreement between observed and computed fre-

quencies is good for H16
2 OðvÞ and H18

2 OðvÞ (harmonic),

H16
2 OðvÞ and free OH� (anharmonic, Fig. 2a) (for QC

methods to calculate anharmonic m’s, see Appendix B).
The calculated frequency shift for 18O/16O substitution in
H2OðvÞ also appears adequate, which is corroborated by
the observed liquid water—water vapor fractionation (see
Section 4.2). In contrast, calculated anharmonic frequencies



Table 1
Calculated gas phase b-factors and a’s at 25 �C.a

T62 HF X3LYP+ MP2DZ

b
H2OðvÞ 1:0682 1:0661 1:0662 1:0659
OH�ðgÞ 1:0286 1:0244 1:0271 1:0271

a
aðH2OðvÞ�OH�ðgÞÞ 1:0385 1:0407 1:0381 1:0378
aðH2OðlÞ�OH�ðgÞÞ

b 1:0483 1:0505 1:0479 1:0476

Anharmonicity effect (‰)
eanhð1Þc �1:0 �0:9 �0:7

a T62 = Thornton (1962), HF = HF/6-31G(d), X3LYP+ =
X3LYP/6-311+G(d,p), MP2DZ =MP2/aug-cc-pVDZ with scale
factors s ¼ ½0:92 1:00 1:00�.
b Using aðH2OðlÞ�H2OðvÞÞ ¼ 1:0094 at 25 �C (Majoube, 1971).
c eanhðNcÞ ¼ ðqanh � 1Þ � 103 (see Eq. (10)), Nc = order of mode

couplings (1 for OH�, see text).

Fig. 2. Calculated vs. observed frequencies. All frequencies obtained at X3LYP/6-311+G(d,p) and MP2/aug-cc-pVDZ level are unscaled
(s ¼ 1:0). (a) Observed frequencies: H2OðvÞ (Benedict et al., 1956; Richet et al., 1977), free OH� (Owrutsky et al., 1985). (b) Observed
frequencies: water dimer (Dunn et al., 2006) and references therein. For details and issues with anharmonic frequencies for the water dimer
and other H-bonded clusters, see Appendix B. VSCF = vibrational self-consistent field frequencies, PT2-VSCF = second-order perturbation
theory (PT2) corrected VSCF frequencies with normal mode displacements in internal (Int) coordinates. Cart = Cartesian. Note that close
agreement between calculated harmonic and observed (anharmonic) frequencies for ðH2OÞ2 is not expected.
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for the water dimer are somewhat problematic. For exam-
ple, vibrational self-consistent field (VSCF) frequencies
tend to overestimate low (intermolecular) m’s (Fig. 2b),
which is improved for second-order perturbation theory
(PT2) corrected VSCF frequencies with normal mode dis-
placements in internal coordinates. Unfortunately, PT2-
VSCF (internals) tend to underestimate isotopic frequency
shifts for high (intramolecular) m’s (for details, see Sec-
tion 4.3 and Appendix B).

Importantly, however, the critical quantities to evaluate
isotopic fractionation are harmonic, not anharmonic, fre-
quencies — and several arguments suggest that QC com-
puted harmonic x’s are adequate for the current purpose.
First, the agreement between observed and computed har-

monic frequencies for H16
2 OðvÞ and H18

2 OðvÞ is good
(Fig. 2a). Second, compared to VSCF m’s, calculated har-
monic x’s do not significantly overestimate low (inter-
molecular) frequencies in the water dimer (Fig. 2b).
Third, compared to PT2-VSCF (internals), harmonic x’s
do not underestimate isotopic frequency shifts for high (in-
tramolecular) frequencies in the water dimer (Appendix B,
Fig. B.1). Fourth, harmonic x’s yield stable oxygen isotope
fractionation factors between H2OðlÞ-H2OðvÞ and
CO2�

3 ðaqÞ–H2OðlÞ consistent with observations (Section 4.2
and Zeebe (2009)).

4. OXYGEN ISOTOPE PARTITIONING

4.1. Gas phase estimates

It is instructive to consider first quantum-chemical cal-
culations for isolated (‘‘gas-phase”) molecules as it allows
comparison to the analytical calculations from the late
1950s and early 1960s (Hunt and Taube, 1959; Thornton,
1962; Green and Taube, 1963) (see Section 2). Furthermore,
the gas-phase calculations illustrate the difference in mech-
anisms and results for aðH2OðvÞ�OH�ðgÞÞ vs. aðH2OðlÞ�OH�ðaqÞÞ
based on water/OH�-water cluster calculations described
below (see Sections 4.3 and 4.4). The calculated
aðH2OðvÞ�OH�ðgÞÞ from Thornton (1962) and the QC methods

X3LYP + and MP2DZ all agree within 0.7‰ (Table 1),
which suggests that for small, free molecules and ions as
considered here, analytic and QC calculations yield similar
results. HF/6-31G(d) predicts a slightly larger value — but
as mentioned above, the method is of limited accuracy.
Using aðH2OðlÞ�H2OðvÞÞ ¼ 1:0094 at 25 �C (Majoube, 1971),

aðH2OðlÞ�OH�ðgÞÞ can be calculated (Table 1). The estimated

anharmonicity effect is of order 1‰, regardless of whether
VSCF or PT2-VSCF frequencies, or mode coupling for
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H2OðvÞ is considered or not (free OH� only has a single
mode).

4.2. Liquid water—water vapor fractionation

The validity and accuracy of the QC methods used here
for predicting a’s involving H2O structures may be evalu-
ated by examining the known 18O/16O fractionation
between liquid water and water vapor, aðH2OðlÞ�H2OðvÞÞ. For
example, the b-factor for H2OðlÞ at 25 �C may be approx-
imated by the b-factors calculated for the largest water clus-
ter for each QC method, i.e., n ¼ 17, 17, and 8 for HF,
X3LYP+, and MP2DZ (cf. Table 2 below). Dividing by
the corresponding b-factors for H2OðvÞ (Table 1), yields
1.0084, 1.0098, and 1.0087. The experimental value is
aðH2OðlÞ�H2OðvÞÞ ¼ 1:0094 at 25 �C (Majoube, 1971), i.e., a

difference of 0.4 and 0.7‰ for the more accurate methods
X3LYP + and MP2DZ. Uncertainties of this magnitude
can be considered small and adequate for the current pur-
pose. Furthermore, the agreement between QC computa-
tions and observations illustrates the basic validity of the
calculated effect of H-bonding on oxygen isotope partition-
ing in water clusters (as has also been demonstrated for the

aqueous CO2�
3 ion, see Zeebe (2009)).

4.3. Basic effect of H-bonding on oxygen isotope partitioning

A common feature of the QC computations is an
increasing partition function ratio when proceeding from
a gas phase molecule, or free ion, to that associated with
a water cluster (the ratio also mostly increases with cluster
size n). Considering H2O, for example, the b-factor
increases from 1.0662 to 1.0753 for H2OðvÞ vs. ðH2OÞ4
(X3LYP+, cf. Tables 1 and 2 below). The fundamental
reason for the increase in the partition function ratio is
the existence of additional intermolecular vibrational
modes in the cluster, rather than changes in the intramolec-
Fig. 3. Intra- and intermolecular modes: Calculated harmonic frequen
Intramolecular frequency shifs in H2OðvÞ. (b) Inter- and intramolecular
ular modes (skeletal fundamentals due to forces within the
individual molecule or ion). For the compounds considered
here, the intramolecular modes (H2O and OH� skeletal fre-
quencies) and intermolecular modes conveniently separate
into a high- and low frequency band. For example, the
intramolecular water fundamentals fall above �1500

cm�1, while the intermolecular cluster modes of ðH2OÞ4 fall
below �1500 cm�1 (see Fig. 3). This allows easy calculation
of the separate intra- and intermolecular contributions to
the partition function ratio (or b-factor).

Contributions to the b-factor from individual frequen-
cies may be illustrated by considering the difference
x� x0 (frequency shift upon 18O/16O substitution,
Fig. 3), which is the critical quantity entering Eq. (5). On
the one hand, including only intramolecular modes

> 1500 cm�1 for ðH2OÞ4 gives b ¼ 1:0636, which is within
2.5‰ of the H2OðvÞ value of 1.0662. On the other hand,

including only intermolecular modes < 1500 cm�1 for
ðH2OÞ4 gives b ¼ 1:0109, which adds �11‰ to the reduced
partition function ratio (the product 1:0636� 1:0109 ¼
1:0753 gives the full ðH2OÞ4 b-factor, cf. Table 2 below).
As a result, by far the largest contribution to the increase
in the partition function ratio when proceeding from
H2OðvÞ to ðH2OÞ4 comes from intermolecular modes.

The same is true for larger clusters, e.g., the largest con-
tribution to the increase in the partition function ratio for
H2OðvÞ�!ðH2OÞ17 and OH�ðgÞ�!OH� � ðH2OÞ22 is due
to intermolecular modes. Thus, the fundamental effect of
H-bonding on oxygen isotope partitioning as studied here
is an increase in the partition function ratio in water clus-
ters due to intermolecular forces. Ultimately, the differential
b-factor increase for H2O and OH� causes a to drop (see
Eq. (8)), i.e., the rise in b for OH� outweighs that for
H2O (cf. Tables 1 and 2 below). Both OH� and H2O are
more strongly bound in the cluster (relative to the gas
phase), but the effect is larger for OH�. The fact that the
calculated effect of H-bonding on oxygen isotope
cy shifts upon 18O/16O substitution (X3LYP/6-311+G(d,p)). (a)
frequency shifs in ðH2OÞ4.
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partitioning is consistent with observed fractionation factors
(for aðH2OðlÞ�H2OðvÞÞ see above, for aðCO2�

3 �H2OðlÞÞ see Zeebe

(2009)) has at least two important implications. First, it sug-
gests that the QC computations employed here describe H-
bonding adequately for calculating a’s in water clusters. Sec-
ond, the harmonic approximation (Eq. (5)) appears justified,
also for low (intermolecular) modes and hence possible cor-
rections due to anharmonicity for oxygen isotopes must be
small, given that observed a’s are controlled by the actual,
anharmonic frequencies of the system. For further details
on anharmonic frequencies, see Appendix B.

4.4. Water/OH�–water clusters

In the next step, I performed geometry optimizations
and Hessian (force-constant matrix) runs for large water/
OH�-water clusters with up to n ¼ 22 water molecules
using the density functional theory (DFT) method
X3LYP+ (cf. Fig. 1). MP2DZ is computationally too
expensive and mostly impractical for large clusters;
MP2DZ computations were performed for clusters with
up to n ¼ 12. Frequencies of the largest clusters from
Table 2
Calculated b-factors and a’s of water/OH�-water clusters at 25 �C
(see Electronic Annex).a

HF X3LYP+ MP2DZ

m bðH2OÞm
4 1:0737 1:0753 1:0738
8 . . . . . . . . . . . . 1:0752
13 . . . . . . 1:0786 . . . . . .

17 1:0751 1:0766 . . . . . .

n b½OH�� ðH2OÞn �
1 1:0366 1:0439 1:0407
3 1:0452 1:0526 1:0494
7 1:0509 1:0558 1:0549
12 1:0495 1:0531 1:0550
16 1:0520 1:0568 . . . . . .
22 1:0502 1:0519 . . . . . .

mjn a½ðH2OÞm�OH�� ðH2OÞn�
8—1 . . . . . . . . . . . . 1:0331
8j3 . . . . . . . . . . . . 1:0246
8j7 . . . . . . . . . . . . 1:0192
8j12 . . . . . . . . . . . . 1:0191
17j1 1:0372 1:0313 . . . . . .

17j3 1:0286 1:0228 . . . . . .
17j7 1:0230 1:0196 . . . . . .

17j12 1:0231 1:0223 . . . . . .

17j16 1:0220 1:0187 . . . . . .
17j22 1:0238 1:0235 . . . . . .

Nc eanhðNcÞb (‰)
3j2 2 . . . . . . �0:5 . . . . . .

4j3 1 . . . . . . �1:4 �2:9
4j3 2 . . . . . . �1:5 �2:9
4j4 2 . . . . . . þ0:6 . . . . . .

4j7 1 . . . . . . �1:7 . . . . . .

13j12 1 . . . . . . �2:8 . . . . . .

a HF = HF/6-31G(d), X3LYP+ = X3LYP/6-311+G(d,p),
MP2DZ =MP2/aug-cc-pVDZ with scale factors
s ¼ ½0:92 1:00 1:00�.
b eanhðNcÞ ¼ ðqanh � 1Þ � 103 (see Eq. (10)), Nc = order of mode

couplings (see text).
X3LYP + and MP2DZ computations, including 17O and
18O substitution (of potential interest for triple oxygen iso-
tope studies), are given in the Electronic Annex. Regardless
of the method employed, all QC computations show a dra-
matic drop in a½ðH2OÞm�OH�� ðH2OÞn � for increasing m and n

(Tables 1, 2, and Fig. 4). As explained above, the rise in
b-factor for OH� outweighs that for H2O as m and n

increase, causing a to drop (see Eq. (8)). As a result, the cal-
culated ‘‘gas-phase” a (Thornton, 1962; Green and Taube,
1963) is greater by a factor of �2 (when expressed in ‰)
than that calculated for largest water/OH�-water clusters.
Estimated effects due to anharmonicity could add uncer-
tainties of up to �3‰ to a½ðH2OÞm�OH�� ðH2OÞn � for the clusters
(Table 2, see Appendix B for details).

4.5. Effect of temperature

To estimate the temperature dependence of fractiona-
tion factors, we use results from our X3LYP + and
MP2DZ calculations of water/OH�-water clusters with
ðm; nÞ ¼ ð17; 22Þ and ðm; nÞ ¼ ð8; 12Þ, respectively. From 0
to 40 �C, the calculated e½ðH2OÞm�OH�� ðH2OÞn � is very nearly lin-

ear vs. temperature (see Fig. 5a) for which we provide a fit
of the form:

e ¼ ða� 1Þ103 ¼ e25 þ k � ðTC � 25Þ; ð13Þ
where T C is temperature in �C. From 0 to 300 �C (see
Fig. 5b), we use a fit of the form:

e ¼ aþ b=T þ c=T 2; ð14Þ
where T is temperature in Kelvin (for fit coefficients, see
Table 3). For a given QC system, the calculated slope of
a’s temperature dependence often scales with a’s magnitude
itself. For example, for the fit between 0 and 40 �C (Eq.
(13)), there is a monotonic relationship between k and e25
for the examples shown in Fig. 5 (results for X3LYP + at
ðm; nÞ ¼ ð4; 12Þ included for illustration only). Simply put,
the larger the fractionation factor at 25 �C, the steeper the
temperature slope in these cases.

5. DISCUSSION

The more accurate QC methods tested here (X3LYP +
and MP2DZ) yield values for a½ðH2OÞm�OH�� ðH2OÞn � between
1.0187 and 1.0235 at 25 �C for n P 7 (Table 2, Fig. 4).
Assuming that the QC computations with large m and n

are most representative for aqueous solutions, my best esti-
mate for the fractionation factor between liquid H2O and
aqueous OH� is aðH2OðlÞ�OH�ðaqÞÞ ’ 1:019 to 1.024, i.e., liq-

uid water is enriched in 18O by about 19 to 24‰. The range
in QC calculated values is partly due to different methods
(LoT, basis sets representing molecular orbitals) and partly
due to geometry effects associated with structurally different
positions of the hydroxide ion in the OH�-water cluster for
different n. For given m and n, sampling a significant num-
ber of conformations might reduce the range in results for a
single QC method, but not between different QC methods.
For example, for n ¼ 3 and 12, the b-factors differ by
�2–3‰ between X3LYP + and MP2DZ for the same
conformation (Table 2). For further discussion of errors



Fig. 4. Stable oxygen isotope fractionation factor (in ‰) between ðH2OÞm and OH� � ðH2OÞn from QC computations for water/OH�-water
clusters with up to n ¼ 22 water molecules; m ¼ 17, 17, 8, and 17 for HF = HF/6-31G(d), X3LYP+ = X3LYP/6-311+G(d,p), MP2DZ =
MP2/aug-cc-pVDZ, and B3LYP++ = B3LYP/6-311++G(2d,2p), respectively (see Table 2). All methods show a rapid drop in
e½ðH2OÞm�OH�� ðH2OÞn � due to intermolecular modes as n increases (see text).

Fig. 5. Temperature dependence of e½ðH2OÞm�OH�� ðH2OÞn � from X3LYP/6-311+G(d,p) and MP2/aug-cc-pVDZ calculations of the largest water/
OH�-water clusters with ðm; nÞ ¼ ð17; 22Þ and ðm; nÞ ¼ ð8; 12Þ, respectively. Results for X3LYP/6-311+G(d,p) at ðm; nÞ ¼ ð4; 12Þ are shown
for illustration only. (a) 0–40 �C. (b) 0–300 �C.

Table 3
Coefficients for temperature fits Eqs. (13) and (14).

e25 k a b� 10�3 c� 10�6 Notes

23.5 �0.0728 �4.4573 10.3255 �0.5976 a

19.1 �0.0455 �4.0771 9.8350 �0.8729 b

a X3LYP/6-311+G(d,p), ðm; nÞ ¼ ð17; 22Þ.
b MP2/aug-cc-pVDZ, ðm; nÞ ¼ ð8; 12Þ.
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in QC computations, see Zeebe and Rae (2020). Moreover,
estimated effects due to anharmonicity could add uncertain-
ties of up to �3‰ to a½ðH2OÞm�OH�� ðH2OÞn � (Table 2). Thus, at
this point it appears unlikely that further QC computations,
say, including larger clusters, various conformations, and/
or higher LoT will narrow down the estimated range in
aðH2OðlÞ�OH�ðaqÞÞ.

However, the QC calculations unequivocally show that
the theoretical b-factor hitherto used for aqueous OH�

(taken equal to that of free OH�, Thornton (1962); Green
and Taube, (1963) is fundamentally wrong as it ignores
intermolecular vibrational modes in solution. The resulting
a value of >46‰ (T C ¼ 15� 25 �C) involving free OH� is
off by a factor of �2 compared to the present results. This
suggests that the reported experimental value of 45‰ at
15 �C (Green and Taube, 1963) is also wrong (see Appendix
A). To settle the issue once and for all and to verify/falsify
the range of 19 to 24‰ calculated here, accurate and direct
experimental determination of aðH2OðlÞ�OH�ðaqÞÞ is in order.
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Note that the results of Thornton (1962) and Green and
Taube (1963) have been questioned before based on indirect
evidence (Böttcher et al., 2018), while other studies may
appear to have confirmed them (see Section 5.1 and Appen-
dix D and E).

5.1. Indirect reported evidence

Several experimental studies have reported data from
which indirect constraints and/or values for
aðH2OðlÞ�OH�ðaqÞÞ have been inferred (e.g., Usdowski et al.,

1991; Clark et al., 1992; Beck et al., 2005; Wang et al.,
2013; Böttcher et al., 2018). While the experimental
approaches vary (see Appendix D and E), the evidence is
generally derived from the measured oxygen isotope com-

position (d18O) of precipitated carbonate (e.g., BaCO3), fol-
lowing the hydroxylation of CO2:

CO2ðaqÞ þ OH�ðaqÞ !KFF
HCO�

3 � CO2�
3 þHþ ð15Þ

CO2�
3 þ Ba2þ ! BaCO3; ð16Þ

where KFF is the kinetic fractionation factor associated
with the kinetic isotope effect (KIE) of CO2 hydroxylation.
Reactions (15) and (16) illustrate the basic problem with the

approach. The d18O of BaCO3 ðd18OBaCO3
Þ depends on a

variety of factors, most importantly (here) the composition
of OH�ðaqÞ and the KFF, both of which result in 18O de-
pletion in the BaCO3 relative to equilibrium with water.
Unless these two factors can be accurately separated, no
inferences about aðH2OðlÞ�OH�ðaqÞÞ can be made. Note that

while KFFs usually describe isotope depletion, they are
commonly reported as absolute (positive) values.

Put differently, the measured d18OBaCO3
can be explained

in two fundamentally different ways. For illustration,

assume d18OBaCO3
¼ 14:6‰ was measured experimentally

(also say, d18OH2O ¼ 0‰ in equilibrium with CO2ðaqÞ,
d18OCO2ðaqÞ ’ 41‰, all on the V-SMOW scale). Then the

measured d18OBaCO3
can be explained by (i) a hydroxylation

KFF of 26‰ relative to CO2ðaqÞ, or (ii) a d18OOH� of
�40‰ with the KFF being zero. For the two scenarios,

d18OBaCO3
may be calculated as:

ðiÞ ð1:026Þ�1 1:041 ¼ 1:0146 ð14:6‰Þ; or ð17Þ
ðiiÞ 2=3 ð1:041Þ þ 1=3 ð1:040Þ�1 ¼ 1:0145 ð14:5‰Þ;ð18Þ
where Eq. (17) derives from RBaCO3

¼ aKFF RCO2ðaqÞ (R’s are
18O/16O ratios) and Eq. (18) from a mass balance for the
unidirectional reaction of CO2 and OH�, contributing 2
and 1 oxygen atoms to BaCO3, respectively (see Appendix
C, Eq. (C3)). Unfortunately, it appears that carbonate pre-
cipitation studies conducted so far were unable to separate
the two scenarios (see Appendix D and E).

6. SUMMARY AND CONCLUSIONS

Studies from the 1960s reported the fractionation factor
between liquid H2O and aqueous OH� theoretically as
1.046 and �1.048 (46‰ and 48‰ at 15 �C and 25 �C)
and experimentally as 1.045 (45‰) at 15 �C. These, or sim-
ilar values (where the theoretical ones actually pertain to
free, not aqueous, OH�), have been used in the literature
for almost 60 years. In contrast, the present quantum-
chemical calculations suggest that the above theoretical val-
ues are wrong when it comes to aqueous solutions (and off
by a factor of �2 when expressed in ‰), suggesting that the
experimental value is also wrong. Hydrogen bonding in
solution significantly affects the fundamental vibrational
modes associated with OH� and substantially reduces the
oxygen isotope fractionation between water and OH�ðaqÞ,
compared to the fractionation between water and free
OH�. The most accurate QC methods tested here yield val-
ues for the fractionation factor between H2O and OH� in
water clusters with n ¼ 7 to 22 water molecules of �1.019
to �1.024 (19 to 24‰) at 25 �C. Accurate and direct exper-
imental determination of aðH2OðlÞ�OH�ðaqÞÞ is necessary to

confirm or refute the theoretical predictions made here.
For the time being, I recommend that studies on oxygen

isotope partitioning in, for instance, natural waters, dis-
solved phosphate, minerals, the aqueous CO2 system, cor-
als, speleothems, travertines, microbial carbonates, etc.
(e.g., Thorstenson and Parkhurst, 2002; Beck et al., 2005;
Rollion-Bard et al., 2010; von Sperber et al., 2014; Falk
et al., 2016; Dreybrodt et al., 2016; Devriendt et al., 2017;
Sade and Halevy, 2017; Böttcher et al., 2018; Guo and
Zhou, 2019; Thaler et al., 2020) use the revised values for
aðH2OðlÞ�OH�ðaqÞÞ as calculated here, rather than those pub-

lished earlier (Thornton, 1962; Green and Taube, 1963).
Beyond systems in thermodynamic equilibrium, accurate
knowledge of aðH2OðlÞ�OH�ðaqÞÞ will also advance our under-

standing of kinetic oxygen isotope fractionation, including
in the H2O-CO2-CaCO3 system (e.g., Watkins et al., 2014;
Devriendt et al., 2017; Sade and Halevy, 2017; Yumol
et al., 2020).
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APPENDIX A. EXPERIMENTAL METHODS OF

GREEN AND TAUBE (1963)

The brief experimental section of Green and Taube
(1963) (GT63 for short) reads: ‘‘The isotopic composition
of a stock quantity of redistilled water was determined by
equilibration with carbon dioxide. Freshly cut sodium
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was held under this water to make a solution approximately
3 M in sodium hydroxide. This solution was held at
approximately 15�. A measured volume of liquid was
drawn off at a rate of 2–4 ml./hr. under reduced pressure
as vapor which was condensed and equilibrated with car-
bon dioxide. The volume and molarity of the remaining
solution were measured. The vapor was drawn off slowly
and was therefore assumed to be in isotopic equilibrium
with the solution. A value of 1.009 was taken from the
graph of Dostrovsky and Raviv for a, the distillation sepa-

ration factor of H2O
16 relative to H2O

18. The relative fugac-

ities of H2O
16 and H2O

18 are unaffected by Na+ ions.
Values of 1:044� 0:004 and 1:046� 0:004 were obtained
for K in two experiments where the respective mean concen-
trations of sodium hydroxide were 4.8 and 4.3 M.”

The description lacks details and it is not obvious
exactly how K was determined (note that it is not suggested
here the experimental results pertain to free OH�). One of
the present reviewers suggested GT63 used a mass balance
to determine their K (¼ aðH2OðlÞ�OH�ðaqÞÞ):

dw;i cw;i ¼ dw;f cw;f þ dOH� cOH� ; ðA1Þ
where d ¼ d18O; c’s are molarities, w ¼ H2OðlÞ, and OH� =
OH�ðaqÞ. Indices i and f refer to the ‘initial’ and ‘final’
H2OðlÞ (before and after adding sodium, i.e., sodium addi-
tion would increase [NaOH], while decreasing [H2OðlÞ]).
The final dw was determined via the condensed vapor, assum-
ing equilibrium with the remaining H2OðlÞ and using
aðH2OðlÞ�H2OðvÞÞ ¼ 1:009 (elv ¼ 9‰). If so, the accuracy of the

method is very low because dOH� is calculated from a rela-
tively small change in a large quantity (½H2O� ’ 55:5 M
vs. ½OH�� < 5 M). Without loss of generality, let dw;i ¼ 0‰
and use the vapor composition dv ¼ dw;f � elv, then

dOH� ¼ �½dv þ elv� cw;f =cOH� : ðA2Þ
Assuming values as follows gives dOH� ¼
�½�4:8‰þ 9‰�ð55:5� 4:8Þ=4:8 ¼ �44‰ (see above).
However, a small uncertainty in, e.g., dv leads to a large
uncertainty in dOH� . For instance, a �1‰ error in dv yields
dOH� ¼ �34 to�55‰. Sources of uncertainties include Ray-
leigh distillation effects (how large was the water fraction
drawn off as vapor?), assumed water–water vapor equilib-

rium, errors in the d18O determination of initial and con-
densed water via equilibration with CO2, and possibly
more, which is, however, difficult to infer from the brief
description. In summary, GT63 did not detail their calcula-
tion of aðH2OðlÞ�OH�ðaqÞÞ from their experimental results.While

a potential mass balance approach (as suggested by one of
the present reviewers) would not seem invalid in principal,
its accuracy appears very low and overly sensitive to small
errors in the measured quantities. The present conclusion
that GT63’s experimental value is wrong is primarily based
on the theoretical results obtained here, but would be com-
patible with problems in a mass balance approach.

APPENDIX B. ANHARMONIC FREQUENCIES

Anharmonic frequencies for free H2O, OH�, (H2O)n and
OH� � ðH2OÞn were obtained using the quartic force field
approximation in GAMESS (Gordon and Schmidt, 2005)
with and without 2-mode coupling for up to n ¼ 4 and
n ¼ 13, respectively (see Tables 1 and 2). Note that calcula-
tions with 2-mode coupling for larger clusters are computa-
tionally very expensive. Two sets of anharmonic frequencies
from the 2-mode coupling calculations for polyatomic
molecules were used: (1) vibrational self-consistent field
(VSCF) frequencies and (2) second-order perturbation the-
ory (PT2) corrected VSCF frequencies (PT2-VSCF). For
small, isolated molecules, PT2-VSCF likely gives the most
accurate frequencies, which were used for comparison with
observed anharmonic frequencies in H2OðvÞ (Fig. 2). How-
ever, in large systems with hydrogen bonds, for instance, it
is well known that PT2-VSCF significantly overestimates

low frequencies (K 400 cm�1), particularly for normal
mode displacements in Cartesian coordinates (Njegic and
Gordon, 2006; Harabuchi et al., 2019).

Indeed, for the low frequencies of the H2O- and
OH�-water clusters studied here, PT2-VSCF gave inconsis-
tent and often unrealistically high values, compared to
harmonic frequencies. Normal mode displacements in inter-
nal coordinates as suggested by Njegic and Gordon (2006)
and Harabuchi et al. (2019) improved the low frequencies
but yielded unreasonably large anharmonic corrections to
the partition function ratio from high frequencies (much
larger than observed a’s would permit, see Sections 4.2
and 4.3). As an example, consider the extensively studied
water dimer ðH2OÞ2, with a nearly linear hydrogen bond
extending along the OH bond of one H2O unit (H-bond
donor) to the other H2O unit (H-bond acceptor). Anhar-
monic frequencies calculated using mode displacements in
internal coordinates (MP2/aug-cc-pVDZ) gave somewhat
better agreement with absolute observed values than har-
monic frequencies, including intramolecular modes between

�1500 and �4000 cm�1 (Harabuchi et al., 2019) (Fig. B.1).
However, the computed anharmonic frequency shifts for
18O/16O substitution (in both H-bond donor and acceptor,
internals) are significantly smaller than the harmonic shifts
and the anharmonic PT2-VSCF shifts from normal mode
displacements in Cartesian coordinates. Importantly, the
anharmonic PT2-VSCF shifts (internals) are also signifi-
cantly smaller than observed (anharmonic) shifts (Fredin
et al., 1977; Perchard, 2001; Bouteiller et al., 2011)
(Fig. B.1). One potential caveat regarding the observed fre-
quency shifts is that those were obtained for water dimers
trapped in solid N2, Ar, or Ne matrices at low temperature,
which could perturb the frequency shifts relative to the gas
phase.

Similar to the water dimer, the computed anharmonic
frequency shifts of intramolecular modes (PT2-VSCF,
internals) for 18O/16O substitution in various other H2O-
and OH�-water clusters were also significantly smaller than
the harmonic shifts. Such frequency shifts would predict
unreasonably large anharmonic corrections to the partition
function ratio from high (intramolecular) frequencies. As a
result, for the H2O- and OH�-water clusters, the effect of
anharmonicity on a½ðH2OÞm�OH�� ðH2OÞn � by means of Eq. (9)

was evaluated using VSCF frequencies obtained using nor-
mal mode displacements in Cartesian coordinates.



Fig. B.1. Observed (anharmonic) and calculated harmonic and anharmonic intramolecular frequency shifts for 18O/16O substitution in the
water dimer (H-bond acceptor). (a) Observed: water dimers trapped in solid Ne matrix at low temperature (Bouteiller et al., 2011). (b)
Calculated harmonic shifts obtained at MP2/aug-cc-pVDZ level. (c) Calculated anharmonic shifts (MP2/aug-cc-pVDZ, PT2-VSCF, normal
mode displacements in internal coordinates, see text). Note reduced shift for bending mode and symmetric stretch at �1600 and �3600
cm�1 (H-bond acceptor), respectively, compared to observed and harmonic shifts. All calculated frequencies are unscaled (s ¼ 1:0).
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APPENDIX C. 18O/16O MASS BALANCE FOR BACO3

If a number of conditions are met (see Appendix D), a
18O/16O mass balance for reactions (15) and (16) may writ-
ten as (here OH� ¼ OH�ðaqÞ;H2O ¼ H2OðlÞ):
RBaCO3

¼ 2=3 RCO2ðaqÞ þ 1=3 ROH� ; ðC3Þ
where R’s are 18O/16O ratios. Dividing by RH2O yields:

aðBaCO3�H2OÞ ¼ 2=3 aðCO2ðaqÞ�H2OÞ þ 1=3 a�1
ðH2O�OH�Þ; ðC4Þ

which can be solved for aðH2O�OH�Þ:

aðH2O�OH�Þ ¼ ½3aðBaCO3�H2OÞ � 2aðCO2ðaqÞ�H2OÞ��1 ¼: D32:

ðC5Þ
Given measured d18OBaCO3

, d18OH2O, and aðCO2ðaqÞ�H2OÞ as,
say, determined by Beck et al. (2005) via acid stripping:

1000 ln aðCO2ðaqÞ�H2OÞ ¼ 2:52� 106=T 2 þ 12:12; ðC6Þ
D32 may be calculated. Ideally, D32 would be equal to
aðH2O�OH�Þ. However, for the experiments examined here

(Appendix D), the results suggest that D32 – aðH2O�OH�Þ.
APPENDIX D. LOW-PH EQUILIBRATION

Carbon dioxide is equilibrated with water at low pH and
constant temperature. Once isotopic equilibrium has been
attained, the pH is rapidly raised by adding buffer/NaOH
and BaCl2, upon which the dissolved inorganic carbon
(DIC) is precipitated as BaCO3 (e.g., Usdowski et al.,
1991; Beck et al., 2005) (U91, B05 for short). Note that
Wang et al.’s (2013) analysis for low-pH equilibration is
based on B05’s data. One could attempt to deduce
aðH2OðlÞ�OH�ðaqÞÞ from such experiments, which requires,

however, multiple critical conditions to be met.
First, during equilibration, the pH must be low enough
such that the CO2ðaqÞ fraction is essentially 1.0

(½HCO�
3 � ¼ ½CO2�

3 � ’ 0). Second, the reaction mechanism
must follow exactly Eqs. (15) and (16). That is, unidirec-
tional hydroxylation to HCO�

3 , no dehydroxylation, no
hydration, no dehydration, no oxygen exchange between

HCO�
3 /CO

2�
3 and water, no CO2 uptake/degassing etc.

Third, the conversion from CO2ðaqÞ to BaCO3 must be
quantitative, i.e., the yield of DIC must be 100%. Only in
this case is the kinetic isotope effect (KIE) from hydroxyla-
tion not expressed. The KIE tends to deplete the reaction
product HCO�

3 in 18O and enrich the residual CO2ðaqÞ in
18O, respectively. This is inconsequential if upon comple-
tion, all isotopically heavy CO2ðaqÞ has been converted to
BaCO3 (100% yield). However, if a fraction of the DIC is
lost (yield < 100%), the isotopically heavy residual can
escape and the KIE is expressed in the BaCO3. In that case,
KIE and OH�ðaqÞ composition cannot be separated (see
Section 5.1). Fourth, the 18O fractionation factor between
CO2ðaqÞ and H2O must be accurately known.

Only if all the above conditions are strictly met, one may
attempt to calculate aðH2OðlÞ�OH�ðaqÞÞ from the experimental

results (see Appendix C). While U91’s equilibration
pH ¼ 3:89 appears adequate, they provided no information
on the DIC yield. Note also that U91 actually attempted to
determine aðCO2ðaqÞ�H2OÞ (likely in error, see B05), not

aðH2OðlÞ�OH�ðaqÞÞ. B05 equilibrated at pH �2.3 but reported

yields of only 74 to 93% (their experiments No. 32, 11,
21). They commented on U91’s method: ‘‘Because of the
lack of aOH��H2O data and uncertainty in the reaction mech-
anism, a different method for calculating the CO2ðaqÞ-H2O
fractionation was needed.” The fractionation factor
aðCO2ðaqÞ�H2OÞ was determined by B05 via acid stripping

(Appendix C), which we may assume to be accurate for
the current purpose.



Fig. D.1. Calculated D32 (see Eq. (C5)) based on experimental data
(Usdowski et al., 1991; Beck et al., 2005). See text for details.
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Finally, a quantity D32 may be calculated that would
ideally equal aðH2OðlÞ�OH�ðaqÞÞ (see Appendix C). Unfortu-

nately, U91’s and B05’s experimental data yield inconsis-
tent results for D32, differing by �30‰ (Fig. D.1). Also,
D32 based on B05’s data shows no consistent temperature
trend, contrary to the temperature dependence of many

other 18a’s and contrary to the results of the present study
(see Fig. 5). The largest cause of error is likely loss of
DIC from the system (< 100% yield), which is known to
be the case for B05’s data. Also note that the calculated

D32 is rather sensitive to uncertainties in d18OBaCO3
. For

example, a �5‰ shift in d18OBaCO3
gives roughly a þ15‰

shift in D32 (Eq. (C5)). Hence if, say, BaCO3 was actually
depleted by 5‰ due to the contribution from kinetic effects,
then the calculated D32 would be an overestimate by �15‰,
compared to the true aðH2OðlÞ�OH�ðaqÞÞ (assuming no errors

otherwise). One plausible reason for the low-pH equilibra-
tion method to be prone to uncertainties (including
< 100% yield) is gas exchange. For example, at low pH the
high CO2ðaqÞ concentration can cause CO2 degassing, at
high pH (once buffer/NaOH has been added), the low
CO2ðaqÞ concentration can cause CO2 uptake. In summary,
given the various caveats discussed above, the low-pH equi-
libration method does not appear to be a robust approach
to determine aðH2OðlÞ�OH�ðaqÞÞ.

APPENDIX E. HYPERALKALINE SOLUTIONS

Gaseous CO2 is taken up into a hyperalkaline Ba2þ-
solution (pH usually > 11), promoting BaCO3 precipitation

(reactions (15) and (16)). The d18OBaCO3
is subsequently

analyzed by mass spectrometry (e.g., Baertschi, 1952;
Clark et al., 1992; Böttcher et al., 2018). Clark et al.
(1992) stated that their observed 18O depletion in BaCO3

at 22 �C can be accounted for by eðH2OðlÞ�OH�ðaqÞÞ ¼ 40‰.

Importantly, however, Clark et al. (1992) actually took
the eðH2OðlÞ�OH�ðaqÞÞ value from Green and Taube (1963)

(25 �C) and assumed it to be correct, which led to their con-
clusion of no evidence for a significant KFF in oxygen. Per-
plexingly, at the same time they inferred a significant KFF
in carbon of 15.5‰ for the hydroxylation reaction. Consid-
ering the compounds at hand, a large kinetic fractionation
during chemical reaction for one element but zero for
another element that share the same molecular bond
appears incompatible with first principles. The issues raised
above did not escape Clark et al.’s (1992) attention. They
concluded: ”It should be noted, however, that the H2O-
OH� enrichment factor given by GREEN and TAUBE
(1963) is extrapolated from 15 to 25 �C. Further, it is argu-
able that a kinetic effect during hydroxylation could favour
12CO2-

16OH� bonding over 12CO2-
18OH�, thus imparting

an additional 18O depletion in the carbonate phase. Given
these uncertainties, the observed 18O depletion may involve
a combination of these factors”. As a result,
aðH2OðlÞ�OH�ðaqÞÞ can not be determined from Clark et al.’s

(1992) study.
Based on experimental results from hyperalkaline solu-

tions and oxygen fractionation in minerals, Böttcher et al.
(2018) (B18 for short) argued that the 18O fractionation
between H2OðlÞ and OH�ðaqÞ should be close to zero
(eðH2OðlÞ�OH�ðaqÞÞ ’ 0‰) at 25 �C. The observed 18O deple-

tion in BaCO3 was then attributed to the kinetic isotope
fractionation during CO2 hydroxylation, suggested to be
similar in magnitude to that during CO2 hydration (B18).
The results of the present study concur with B18’s notion
that Green and Taube’s (1963) fractionation factor is likely
too large. However, B18’s argument based on minerals is
mostly qualitative and may be more complex than origi-
nally presented (see below). As a result, aðH2OðlÞ�OH�ðaqÞÞ can
also not be determined from B18’s study.

B18 compared the 18O fractionation between several
dissolved species and water vs. the fractionation between
the corresponding group in minerals and water, e.g.,

CO2�
3 dissolved in water and in CaCO3 (see their Fig. 2).

As one might expect, for groups such as CO2�
3 and SO2�

4 ,
the 18O fractionation factors (dissolved vs. mineral) are
not vastly different because the covalent bond dominates
the isotope partitioning over the water vs. crystal environ-

ment (though still a difference of �5‰ for CO2�
3 in water

vs. aragonite at 25 �C). Based on the relatively small
18O fractionation between Ca(OH)2 and water calculated
by Zheng (1998), B18 then concluded eðH2OðlÞ�OH�ðaqÞÞ ’
0‰ at 25 �C. However, the O–H bond in, e.g., H2O (and
OH�) is much weaker than, e.g., the O–C bond in the car-
bonate group (e J 25‰ for CO3-H2O at 25 �C). Thus, the
water vs. crystal environment is expected to have a larger
effect on the isotope partitioning for the OH group than
for, say, the CO3 group. Note also that Zheng’s (1998) the-
oretical results for Ca(OH)2 are in substantial disagreement
with recent experimental and theoretical studies (Saccocia
et al., 2015; Colla and Casey, 2019). In summary, inferring
the OH�ðaqÞ-H2O oxygen fractionation from the Ca(OH)2-
H2O oxygen fractionation using analogies based on other
minerals involves significant uncertainties. Importantly,
eðH2OðlÞ�OH�ðaqÞÞ ’ 0‰ appears unlikely, as it would imply

zero 18O fractionation between two geometrically and elec-
tronically different structures with different numbers of
covalent bonds in the same bulk medium.
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APPENDIX F. SUPPLEMENTARY MATERIAL

Supplementary data associated with this article can be
found, in the online version, at https://doi.org/10.1016/j.
gca.2020.08.025.
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Oxygen isotope composition of waters recorded in carbonates
in strong clumped and oxygen isotopic disequilibrium. Bio-

geosci. 17(7), 1731–1744. https://doi.org/10.5194/bg-17-1731-
2020.

Thornton E. R. (1962) Solvent isotope effects in H2O
16 and H2O

18.
J. Am. Chem. Soc. 84(13), 2474–2475.

Thorstenson D. C. and Parkhurst D. L. (2002) Calculation of
individual isotope equilibrium constants for implementation in
geochemical models. Water-resources investigations report,
USGS 02-4172.
Urey H. C. (1947) The thermodynamic properties of isotopic
substances. J. Chem. Soc., 562–581.

Usdowski E., Michaelis J., Boettcher M. E. and Hoefs J. (1991)
Factors for the oxygen isotope equilibrium fractionation
between aqueous and gaseous CO2, carbonic acid, bicarbonate,
carbonate, and water (19 �C). Z. Phys. Chem. 170, 237–249.

von Sperber C., Kries H., Tamburini F., Bernasconi S. M. and
Frossard E. (2014) The effect of phosphomonoesterases on the
oxygen isotope composition of phosphate. Geochim. Cos-

mochim. Acta 125, 519–527. https://doi.org/10.1016/j.
gca.2013.10.010.

Wang Z., Gaetani G., Liu C. and Cohen A. (2013) Oxygen isotope
fractionation between aragonite and seawater: Developing a
novel kinetic oxygen isotope fractionation model. Geochim.

Cosmochim. Acta 117, 232–251. https://doi.org/10.1016/j.
gca.2013.04.025.

Watkins J. M., Hunt J. D., Ryerson F. J. and DePaolo D. J. (2014)
The influence of temperature, pH, and growth rate on the d18O
composition of inorganically precipitated calcite. Earth Planet.

Sci. Lett. 404, 332–343. https://doi.org/10.1016/j.
epsl.2014.07.036.

Xu X., Goddard I. and William A. (2004) The X3LYP extended
density functional for accurate descriptions of nonbond inter-
actions, spin states, and thermochemical properties. Proc. Nat.

Acad. Sci. 101(9), 2673–2677. https://doi.org/10.1073/
pnas.0308730100.

Yumol L. M., Uchikawa J. and Zeebe R. E. (2020) Kinetic isotope
effects during CO2 hydration: Experimental results for carbon
and oxygen fractionation. Geochim. Cosmochim. Acta 279, 189–
203. https://doi.org/10.1016/j.gca.2020.03.041.

Zeebe R. E. (2005) Stable boron isotope fractionation between
dissolved B(OH)3 and BðOHÞ�4 . Geochim. Cosmochim. Acta 69

(11), 2753–2766.
Zeebe R. E. (2009) Hydration in solution is critical for stable

oxygen isotope fractionation between carbonate ion and water.
Geochim. Cosmochim. Acta 73, 5283–5291.

Zeebe R. E. (2010) A new value for the stable oxygen isotope
fractionation between dissolved sulfate ion and water. Geochim.

Cosmochim. Acta 74, 818–828.
Zeebe R. E. (2014) Kinetic fractionation of carbon and oxygen

isotopes during hydration of carbon dioxide. Geochim. Cos-

mochim. Acta 139, 540–552. https://doi.org/10.1016/j.
gca.2014.05.005.

Zeebe R. E. and Wolf-Gladrow D. A. (2001) CO2 in Seawater:

Equilibrium, Kinetics, Isotopes. Elsevier Oceanography Series,
Amsterdam, pp. 346.

Zeebe R. E. and Rae J. W. B. (2020) Equilibria, kinetics, and boron
isotope partitioning in the aqueous boric acid-hydrofluoric acid
system. Chem. Geol. 550, 119693. https://doi.org/10.1016/j.
chemgeo.2020.119693.

Zheng Y.-F. (1998) Oxygen isotope fractionation between hydrox-
ide minerals and water. Phys. Chem. Miner. 25(3), 213–221.
https://doi.org/10.1007/s002690050105.

Associate editor: F. McDermott

http://refhub.elsevier.com/S0016-7037(20)30542-1/h0160
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0160
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0160
https://doi.org/10.1063/1.449696
https://doi.org/10.1063/1.449696
https://doi.org/10.1016/S0301-0104(01)00496-7
https://doi.org/10.1016/S0301-0104(01)00496-7
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0175
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0175
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0175
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0175
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0180
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0180
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0180
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0180
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0180
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0180
https://doi.org/10.1016/j.gca.2009.11.011
https://doi.org/10.1016/j.gca.2009.11.011
https://doi.org/10.1016/j.gca.2015.07.017
https://doi.org/10.1016/j.gca.2017.07.035
https://doi.org/10.2138/gsrmg.55.1.65
https://doi.org/10.2138/gsrmg.55.1.65
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0205
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0205
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0205
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0205
https://doi.org/10.1021/jp047502+
https://doi.org/10.5194/bg-17-1731-2020
https://doi.org/10.5194/bg-17-1731-2020
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0220
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0220
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0220
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0220
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0230
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0230
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0235
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0235
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0235
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0235
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0235
https://doi.org/10.1016/j.gca.2013.10.010
https://doi.org/10.1016/j.gca.2013.10.010
https://doi.org/10.1016/j.gca.2013.04.025
https://doi.org/10.1016/j.gca.2013.04.025
https://doi.org/10.1016/j.epsl.2014.07.036
https://doi.org/10.1016/j.epsl.2014.07.036
https://doi.org/10.1073/pnas.0308730100
https://doi.org/10.1073/pnas.0308730100
https://doi.org/10.1016/j.gca.2020.03.041
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0265
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0265
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0265
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0265
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0265
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0270
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0270
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0270
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0275
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0275
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0275
https://doi.org/10.1016/j.gca.2014.05.005
https://doi.org/10.1016/j.gca.2014.05.005
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0285
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0285
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0285
http://refhub.elsevier.com/S0016-7037(20)30542-1/h0285
https://doi.org/10.1016/j.chemgeo.2020.119693
https://doi.org/10.1016/j.chemgeo.2020.119693
https://doi.org/10.1007/s002690050105

	Oxygen isotope fractionation between water and the �aqueous hydroxide ion
	1 Introduction
	2 Analytical gas-phase calculation
	3 Isotopic equilibrium: theory
	3.1 Quantum-chemical computations
	3.2 Anharmonicity
	3.3 Calculated vs.observed frequencies

	4 Oxygen isotope partitioning
	4.1 Gas phase estimates
	4.2 Liquid water—water vapor fractionation
	4.3 Basic effect of H-bonding on oxygen isotope partitioning
	4.4 Water/OH−–water clusters
	4.5 Effect of temperature

	5 Discussion
	5.1 Indirect reported evidence

	6 Summary and conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Experimental methods of Green and Taube (1963)
	Appendix B Anharmonic frequencies
	Appendix C 18O/16Omass balance for BaCO3
	Appendix D Low-pHequilibration
	Appendix E Hyperalkaline solutions
	Appendix F Supplementary material
	Supplementary material
	References


