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Theice-isotopichistoryoftemperatureincentralEastAntarct icaat
vostok, and the history of co2 from air bubbles in the vostok core'

from the paper by J'n. Petit and others cited in the Sources and

Related Infbrmation. This figure covers four cold ice ages' CO2 leveb

have been high during warm times, and low during cold times' '*

throughout this record. The temperature curve has not been

successfully explained without including the effects of the co,

curve, providing strong support for the idea that CO2 a-ffects. 
. S

temperatures. The CO2 changes probably were driven by orbital 
:

wiggles and their effects on ice sheets, wind, and other things, with*

th" temperature then responding to the CO2; however' the exact

t imingof thechanges inCo2re la t ivetochanges in temperaturehas
not been learned yet' as discussed in the next chapter'

refilled the oceans, greenhouse gases rose and Antarctica and

much of the world warmed. All the greenhouse gases' includ-

ingwaterVapor 'seemtohavechangedmoreor lesstogether
although with interesting small differences in timing' The ice-

age world probably averaged about 10'F colder than recentlY.

with some regions having cooled 40"F; much of this globd

tempefa turechange isexp la inab leby thechanges in these
greenhouse gases and associated feedbacks'
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Outline

• Basics of stable isotope 
fractionation

• 12,13C in atmosphere, seawater, 
carbonate minerals

• 10,11B in seawater

• Heavy Istopes 44,40Ca
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Aqueous Systems

• Fluctuating coordination 
environment

• Dynamic chemical speciation (ion 
pairs, etc)

• Hydrogen bonding

• Dispersion

• Anharmonicity 



Car-Parrinello MD HCO3- /CO32- 
in 32-64 waters

Harvest 10-20 “independent” 
configurations

Quench each configuration
PBE, B3LYP, 6-31G*, aug-cc-pVDZ

Calculate harmonic vibrational 
partition function

Carbonate System
Computational Approach



 

                    CO2(aq) PBE/6-31G* 
                  CO3

2-(aq) PBE/6-31G* 
                HCO3

-(aq) PBE/6-31G* 
HCO3

-(aq) B3LYP/aug-cc-pVDZ 
    CO3

2-(aq) B3LYP/aug-cc-pVDZ 



What is required to get an 
answer accurate to 1‰? 

• Large systems (at least 32 water molecules)

• Continuum models qualitatively incorrect

• Some component of exact exchange (B3LYP)

• Reasonably large basis sets (aug-cc-pVDZ)

• 10-20 conformations (Baker-Pulay cluster 
optimization methods)

• Harmonic approximation OK at this level



fractionation (section 7). The temperature dependence of !
(B3–B4)

is discussed in section 8. I conclude the paper by encouraging
experimental workers to directly determine !(B3–B4). This is
essential to safely anchor the inorganic basis of paleoacidim-
etry. To address the critics of paleoacidimetry it is emphasized,
however, that lack of an accurate value for !(B3–B4) does not
bias pH reconstructions provided that single species calibra-
tions for foraminifera are used.

2. THERMODYNAMIC ISOTOPE FRACTIONATION

In thermodynamic equilibrium, the isotopic fractionation
between two molecules depends on the difference in the zero-
point energy of molecular vibration of the molecules containing
either the light or the heavy isotope. Knowing the frequencies
of molecular vibration, one can calculate the energy difference
and hence the isotopic fractionation in thermodynamic equilib-
rium. This is the basis of the theory described in e.g. Urey

(1947). The theory is not recapitulated here and the reader
unfamiliar with it is referred to Urey (1947) and more recent
reviews and applications (e.g., Bigeleisen, 1965; Richet et al.,
1977; Criss, 1999; Schauble et al., 2001; Zeebe and Wolf-
Gladrow, 2001).

For the calculation of the isotopic equilibrium constant, the
ratio of the reduced partition functions (Q=/Q)r of the molecule
containing the light and the heavy isotope are required. For
polyatomic molecules, this ratio is given by:

!Q'

Q "
r

"
s

s' #
i

ui
′

ui

exp(#ui
′ ⁄ 2)

1 # exp(#ui
′)

1 # exp(#ui)

exp(#ui ⁄ 2)
(1)

where primes denote quantities pertaining to the isotopically
substituted molecule, s’s are symmetry numbers and u ! hc$/
kT, u= ! hc$=/kT where h ! 6.62607 " 10#34 J s is Planck’s
constant, c ! 299,792,458 m s#1 is the speed of light, $ ! 1/$
is the wavenumber of vibration (often given in cm–1), and $ is
the wavelength. (The frequency of vibration is % ! c/$; the
wavenumber $ and the frequency % are often used equiva-
lently). Boltzmann’s constant is k ! 1.38065 " 10#23 J K#1

and T is the absolute temperature in Kelvin. Strictly, applica-
tion of Eqn. 1 requires molecules in the gas phase and harmonic
vibrations (for more details, see references above and Rosen-
baum, 1997; Young et al., 2002).

2.1. Frequencies of Isotopic Molecules

The most important quantities that enter Eqn. 1 are the
fundamental vibrational frequencies, $, of a molecule of a
given chemical formula and those of the isotopically substi-
tuted molecule, $=. The usual way to determine $ and $= is to
experimentally measure either one of the two frequencies by
infrared and/or Raman spectroscopy from which the force
constants in the molecule are determined which is then used to
calculate the other frequency. The methods to calculate the
forces of polyatomic molecules frequently employed are simple
central forces, simple valence forces, generalized valence force
fields (GVFF) and Urey-Bradley force fields (UBFF) (cf. Her-
zberg, 1966; Ross, 1972; Nakamoto, 1997). Another tool is ab
initio molecular orbital theory (e.g., Hehre et al., 1986). In this
paper, I will initially employ GVFF which is an advanced
method. Other methods, including UBFF are considered in
section 5, while ab initio molecular orbital theory is the subject
of section 6.

From the GF matrix method (Wilson, 1939, 1941) follows
the matrix secular equation which relates the frequencies of
molecular vibration to the forces in the molecule:

&GF # E'& " 0 (2)

where the G matrix depends on the atomic masses and geom-
etry of the molecule (see Appendix A), F contains the force
constants, and ' ! 4(2c2$2. The '’s are the eigenvalues of GF
and are not to be confused with the wavelength $. If the
frequencies for a molecule say, containing the light isotope, $,
are known, one has to determine the elements of F from the $’s
which is often not straightforward. However, once F is deter-
mined, the masses of the light isotope in G are replaced by
those of the heavy and the solution of Eqn. 2 for '= readily
gives the frequencies for the molecule containing the heavy

Fig. 1. (a) Concentration of the major dissolved boron species boric
acid (B[OH]3) and borate ion (B[OH]4

–) in seawater and (b) stable boron
isotope fractionation between them as a function of pH, using !(B3–B4)
after KK77. The isotopic composition of B(OH)4

– increases with pH and
so does the )11B of carbonates, provided that B(OH)4

– is preferentially
incorporated in the carbonates. As a result, variations of seawater pH in
the past should be traceable by variations of )11B in fossil carbonates.
This is the basis of the boron paleo-pH proxy (cf. Hemming and
Hanson, 1992).

2754 R. E. Zeebe

10,11B in Seawater

•Speciation B(OH)3, B(OH)4 

•Assume B(OH)4- is the only 
species trapped into calcite

•Assume overall δ11B of oceans 
constant over the residence 
time of B in the oceans (around 
10 million years)

Zeebe, R.E. and Wolf-Gladrow D.A. CO2 in 
Seawater: Equilibrium, Kinetics, Isotopes 2001 Hemming, N.G.; Hanson, G.N. Geochim. 

Cosmochim. Acta 1991, 55, 537-543.
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Computational methods are becoming increasingly central to

understanding the fractionation of stable isotopes in geochemical

systems. A prominent application is the fractionation of 11B and
10B between boric acid B(OH)3 and borate ion B(OH)4- in seawater.

Boron isotopes are key indicators of the pH and CO2 content of

oceans in the geologic past.1 In seawater solutions at 25 °C and

[B]total ) 4.5 ppm, B(OH)3 and B(OH)4- exist in equal concentra-

tions at pH ∼8.8. Since the 11B/10B ratio differs between B(OH)3
and B(OH)4-, the isotopic composition of each species is a function

of pH over the range where both species coexist in appreciable

concentrations. If it is assumed that only B(OH)4- is incorporated

into minerals, then the pH of seawater in equilibrium with the min-

erals at the time of deposition can be obtained from the 11B/10B

ratio in the mineral phases. The calculation of pH requires know-

ledge of the isotope fractionation factor R34. In the harmonic limit,
R34 ) !B(OH)3/!B(OH)4- (!3/!4) where ! is the reduced partition

function ratio:

where u(h,l)i ) pc2πω(h,l)i/kT, h and l refer to the heavy isotope

and light isotopes, respectively, and the product runs over all

frequencies.2

Paleo-ocean pH estimates have until recently relied on semiem-

pirical estimates of R34,3 in part because of the difficulty of
measurements at [B]total ) 4.5 ppm. Several problems have lately

been identified in the original work, and improvements have been

sought through electronic structure calculations.4,5 Recent measure-

ments of the isotope-induced shift in the pKa of B(OH)3 have

reported R34 values close to 1.028, within 1 per mil of the Hartree-
Fock calculations.5c-e This level of agreement is surprising as the

Hartree-Fock calculations involve extensive frequency scaling. The
approach combines the effects of solvation, inadequacies in the

wave function, and anharmonicity into a single factor, making

systematic improvement difficult.

Here, we take a new approach to estimating R34 for aqueous
species, using ab initio molecular dynamics (AIMD).6 The AIMD

approach is useful because the fractionating species are embedded

in real solvent at configurations typical of 300 K. Moreover, the

vibrational frequencies obtained through AIMD are not restricted

to be harmonic. This study is the first time AIMD has been applied

to the calculation of isotopic fractionation. First, we establish

whether the AIMD calculations are capable of reproducing the

observed frequencies for B(OH)4-(aq) and B(OH)3(aq). Second,

we explore the utility of eq 1 in reproducing R34. Work on gas-
phase systems, for example, indicates that it is better to use

harmonic frequencies in eq 1 rather than anharmonic frequencies

derived from experiment.7 It is not clear whether this would remain

true in aqueous systems.

B(OH)4- and B(OH)3 are inserted in a small periodic cell of

water molecules, and forces are calculated using density functional

theory. The forces are used to perform a molecular dynamics

simulation. The classical vibrational density of states responsible

for boron fractionation can then be obtained by Fourier transforma-

tion of the velocity autocorrelation function for the boron atom.

All calculations were carried out with NWChem,8 employing a

plane-wave basis (energy cutoff ) 90 au) with Troullier-Martins
pseudopotentials9 and the PBE96 exchange-correlation functional.10

We used Car-Parrinello dynamics with the fictitious mass set at
100 au. Electronic and nuclear degrees of freedom were attached

† University of California, Davis.
‡ Pacific Northwest National Laboratory.
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Figure 1. Vibrational density of states for the boron atom in (a) B(OH)3-
(aq), (b) B(OH)4-(aq), and (c) teepleite (Na2ClB(OH)4). Green: 11B; Blue:
10B. Multiple lines represent spectra calculated from replicas of the VAF
within the standard error.
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10,11B in B(OH)3, B(OH)4-

• αB(OH)3/B(OH)4- = 1.028

• old value 1.019, estimated by empirical 
harmonic force field with: 

- wrong mode assignments

- wrong degeneracies

- missing frequencies

Klochko, K.; Kaufman A. J.; Yao, W.; Byrne, R. H., Tossell, J. A. Earth Planet Sci Lett. 2006, 248, 276-285



IMPLICATIONS

•Old estimates of fractionation constant completely erroneous 

•New theoretical curve changes pH inferences by nearly a unit

•Immediate impact of quantum chemistry on a truly 
global problem

fractionation (section 7). The temperature dependence of !
(B3–B4)

is discussed in section 8. I conclude the paper by encouraging
experimental workers to directly determine !(B3–B4). This is
essential to safely anchor the inorganic basis of paleoacidim-
etry. To address the critics of paleoacidimetry it is emphasized,
however, that lack of an accurate value for !(B3–B4) does not
bias pH reconstructions provided that single species calibra-
tions for foraminifera are used.

2. THERMODYNAMIC ISOTOPE FRACTIONATION

In thermodynamic equilibrium, the isotopic fractionation
between two molecules depends on the difference in the zero-
point energy of molecular vibration of the molecules containing
either the light or the heavy isotope. Knowing the frequencies
of molecular vibration, one can calculate the energy difference
and hence the isotopic fractionation in thermodynamic equilib-
rium. This is the basis of the theory described in e.g. Urey

(1947). The theory is not recapitulated here and the reader
unfamiliar with it is referred to Urey (1947) and more recent
reviews and applications (e.g., Bigeleisen, 1965; Richet et al.,
1977; Criss, 1999; Schauble et al., 2001; Zeebe and Wolf-
Gladrow, 2001).

For the calculation of the isotopic equilibrium constant, the
ratio of the reduced partition functions (Q=/Q)r of the molecule
containing the light and the heavy isotope are required. For
polyatomic molecules, this ratio is given by:

!Q'

Q "
r

"
s

s' #
i

ui
′

ui

exp(#ui
′ ⁄ 2)

1 # exp(#ui
′)

1 # exp(#ui)

exp(#ui ⁄ 2)
(1)

where primes denote quantities pertaining to the isotopically
substituted molecule, s’s are symmetry numbers and u ! hc$/
kT, u= ! hc$=/kT where h ! 6.62607 " 10#34 J s is Planck’s
constant, c ! 299,792,458 m s#1 is the speed of light, $ ! 1/$
is the wavenumber of vibration (often given in cm–1), and $ is
the wavelength. (The frequency of vibration is % ! c/$; the
wavenumber $ and the frequency % are often used equiva-
lently). Boltzmann’s constant is k ! 1.38065 " 10#23 J K#1

and T is the absolute temperature in Kelvin. Strictly, applica-
tion of Eqn. 1 requires molecules in the gas phase and harmonic
vibrations (for more details, see references above and Rosen-
baum, 1997; Young et al., 2002).

2.1. Frequencies of Isotopic Molecules

The most important quantities that enter Eqn. 1 are the
fundamental vibrational frequencies, $, of a molecule of a
given chemical formula and those of the isotopically substi-
tuted molecule, $=. The usual way to determine $ and $= is to
experimentally measure either one of the two frequencies by
infrared and/or Raman spectroscopy from which the force
constants in the molecule are determined which is then used to
calculate the other frequency. The methods to calculate the
forces of polyatomic molecules frequently employed are simple
central forces, simple valence forces, generalized valence force
fields (GVFF) and Urey-Bradley force fields (UBFF) (cf. Her-
zberg, 1966; Ross, 1972; Nakamoto, 1997). Another tool is ab
initio molecular orbital theory (e.g., Hehre et al., 1986). In this
paper, I will initially employ GVFF which is an advanced
method. Other methods, including UBFF are considered in
section 5, while ab initio molecular orbital theory is the subject
of section 6.

From the GF matrix method (Wilson, 1939, 1941) follows
the matrix secular equation which relates the frequencies of
molecular vibration to the forces in the molecule:

&GF # E'& " 0 (2)

where the G matrix depends on the atomic masses and geom-
etry of the molecule (see Appendix A), F contains the force
constants, and ' ! 4(2c2$2. The '’s are the eigenvalues of GF
and are not to be confused with the wavelength $. If the
frequencies for a molecule say, containing the light isotope, $,
are known, one has to determine the elements of F from the $’s
which is often not straightforward. However, once F is deter-
mined, the masses of the light isotope in G are replaced by
those of the heavy and the solution of Eqn. 2 for '= readily
gives the frequencies for the molecule containing the heavy

Fig. 1. (a) Concentration of the major dissolved boron species boric
acid (B[OH]3) and borate ion (B[OH]4

–) in seawater and (b) stable boron
isotope fractionation between them as a function of pH, using !(B3–B4)
after KK77. The isotopic composition of B(OH)4

– increases with pH and
so does the )11B of carbonates, provided that B(OH)4

– is preferentially
incorporated in the carbonates. As a result, variations of seawater pH in
the past should be traceable by variations of )11B in fossil carbonates.
This is the basis of the boron paleo-pH proxy (cf. Hemming and
Hanson, 1992).
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new
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CO2(m) in Goethite FeOOH

CO2(m) in Gibbsite Al(OH)3

-19 ‰ -0.6 ‰

B3LYP/m6-31G*/aug-cc-pVDZ

+12 ‰

+4 ‰



Isotopic Evidence for Variations
in the Marine Calcium Cycle

Over the Cenozoic
Christina L. De La Rocha1* and Donald J. DePaolo1,2

Significant variations in the isotopic composition of marine calcium have oc-
curred over the last 80 million years. These variations reflect deviations in the
balance between inputs of calcium to the ocean from weathering and outputs
due to carbonate sedimentation, processes that are important in controlling the
concentration of carbon dioxide in the atmosphere and, hence, global climate.
The calcium isotopic ratio of paleo-seawater is an indicator of past changes in
atmospheric carbon dioxide when coupled with determinations of paleo-pH.

Although there are extensive data on past
variations in the isotopic ratios of such ele-
ments as Sr, C, and O in the oceans, there are
few data that relate to major cation concen-
trations in ocean water of the past. Calcium
(Ca2!) is particularly interesting because of
its relation to the rates of weathering of con-
tinental and seafloor silicate and carbonate
rocks and the deposition of carbonate mate-
rials on the seafloor—processes that control
atmospheric CO2 concentrations (1–4 ) and
thus strongly influence global temperature.

Although Ca2! has a long residence time in
the ocean ("Ca # 106 years) (5), fluctuations in
the seawater concentration of Ca2! ([Ca2!])
over geologic time are expected and have been
inferred from geologic evidence (2, 3, 6–10).
Even a small imbalance between Ca2! inputs
from weathering and outputs associated with
carbonate deposition affects the seawater
[Ca2!] (2, 3, 6–10). Similarly, such temporary
inequalities between inputs and outputs should
cause excursions in the isotopic composition of
seawater Ca2! ($44Ca) (11).

The $44Ca of Ca2! in present day seawa-
ter is uniform (Table 1) (12), as expected
given the long residence time of Ca2!relative
to the ocean’s mixing time of about 103 years
(5). The $44Ca of modern seawater Ca2!

(Table 1) is 0.86 % 0.04‰ (13). The $44Ca
values of carbonate sediments of different
age (Fig. 1) show systematic variation of the
magnitude we expect, roughly coincident
with major climatic events inferred from other
records (14–19). We argue that these $44Ca
data reflect variations in the $44Ca of paleo-
seawater and indicate substantial variability
in the global Ca2! cycle.

The expected variability of $44Ca can be

estimated from a box model of the Ca2!

cycle. The source of Ca2! to the oceans is the
weathering of continental rocks and ocean-
floor basalt (2, 3, 6–10, 20, 21), and the
primary sink for marine Ca2! is its biological
fixation into carbonate sediments. The rate of
change of $44Ca of the oceans (& $SW) is
given by

NCa

d$SW

dt
! FR($R ' $SW)

" FH($H ' $SW) ' FSed(Sed (1)

where NCa is the number of moles of Ca2! in
the oceans; FR and FH are the fluxes of Ca2!

from continental weathering and seafloor ba-
salts, respectively; FSed is the rate of biolog-
ical removal of Ca2! into sediments (22); and
(Sed is the average $44Ca offset between
biogenic carbonate and the seawater Ca2!.

To evaluate the magnitude and variability
of the fractionation associated with biological
fixation of Ca2! into carbonate ((Sed), we
measured $44Ca on foraminifera and cocco-
lithophorids, the main carbonate-producing
organisms in the ocean. The average $44Ca
value of carbonate tests of the temperate in-
tertidal foraminifera, Glabratella ornatissima,
collected over a 2-year interval from Bodega
Bay, California (23), is offset from seawater
Ca2! by '1.2‰, ranging from '1.1 to
'1.5‰. The fractionation of '1.1 to '1.5‰
for foraminifera tests appears to be applicable
to biomineralization in a wide range of
organisms. The coccolithophorid, Emiliania
huxleyi (CCMP 1742), grown in the labora-
tory at 16°C, produced calcium carbonate
with a $44Ca of '0.32 % 0.16 and '0.39 %
0.12‰, 1.3‰ lower than the $44Ca of
!0.98 % 0.20‰ of the Ca2! present in the
seawater growth medium (24 ). A fraction-
ation of '1.2 to '1.5‰ has also been doc-
umented between dietary Ca2! and bone
Ca2! in animals (25). From these data, our
estimate for the global mean value of (Sed is
'1.3‰ (26 ).

Variations in (Sed with temperature

would complicate reconstruction of $SW from
carbonate sediments. Over the small temper-
ature range investigated (Fig. 2), there is a
weak correlation between growth tempera-
ture and $44Ca (r 2 & 0.45), the slope of
which is not significantly different than 0
(P & 0.05). Previous observations also sug-
gest that fractionation varies by less than
0.4‰ in foraminifera over a wide range of
growth temperature (12). Hence, we conclude
that the temperature dependence of the frac-
tionation factor is small enough that the glob-
al average value is well defined.

The $44Ca of the modern weathering flux-
es can be estimated from measurements of
rocks, river waters, and marine carbonates.
Silicate rocks have a $44Ca of !0.3 to
'0.3‰ with an average close to 0‰ (27 ).
The $44Ca values for six large rivers (12)
(normalized to the standard we are using)
(28) are slightly lower than this, yielding an
average $44Ca of '0.3 % 0.2‰. By material
balance, the long-term weathering flux must
have $44Ca equal to that of the long-term
average of $sed, which we calculate from the
data of Fig. 1A to be '0.44‰. Consequently,
the present data suggest that the carbonate
weathering flux may have a lower $44Ca than
the silicate flux and that the weathering flux
is dominated by Ca2! derived from the
weathering of old carbonate rocks (29).

For a steady-state ocean, where $SW and
NCa are both unchanging with time, Eq. 1
reduces to

$SW ! $W # (Sed (2)

where $W is the isotopic composition of the
combined continental and seafloor basalt
weathering fluxes to the ocean. On the basis
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Fig. 1. (A) The $44Ca of marine carbonates over
the last 80 Ma. (B) The ratio of the weathering
flux of Ca2! into the ocean to the flux of Ca2!
out of the ocean due to sedimentation of car-
bonates. FW/FSed is calculated from Eq. 5 with
$SW & $Sed ' (Sed, by using a 30-term Fourier
fit to the data in (A) for $Sed, (Sed & '0.5‰,
and $W & '0.5‰.
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Isotopic Evidence for Variations
in the Marine Calcium Cycle

Over the Cenozoic
Christina L. De La Rocha1* and Donald J. DePaolo1,2

Significant variations in the isotopic composition of marine calcium have oc-
curred over the last 80 million years. These variations reflect deviations in the
balance between inputs of calcium to the ocean from weathering and outputs
due to carbonate sedimentation, processes that are important in controlling the
concentration of carbon dioxide in the atmosphere and, hence, global climate.
The calcium isotopic ratio of paleo-seawater is an indicator of past changes in
atmospheric carbon dioxide when coupled with determinations of paleo-pH.

Although there are extensive data on past
variations in the isotopic ratios of such ele-
ments as Sr, C, and O in the oceans, there are
few data that relate to major cation concen-
trations in ocean water of the past. Calcium
(Ca2!) is particularly interesting because of
its relation to the rates of weathering of con-
tinental and seafloor silicate and carbonate
rocks and the deposition of carbonate mate-
rials on the seafloor—processes that control
atmospheric CO2 concentrations (1–4 ) and
thus strongly influence global temperature.

Although Ca2! has a long residence time in
the ocean ("Ca # 106 years) (5), fluctuations in
the seawater concentration of Ca2! ([Ca2!])
over geologic time are expected and have been
inferred from geologic evidence (2, 3, 6–10).
Even a small imbalance between Ca2! inputs
from weathering and outputs associated with
carbonate deposition affects the seawater
[Ca2!] (2, 3, 6–10). Similarly, such temporary
inequalities between inputs and outputs should
cause excursions in the isotopic composition of
seawater Ca2! ($44Ca) (11).

The $44Ca of Ca2! in present day seawa-
ter is uniform (Table 1) (12), as expected
given the long residence time of Ca2!relative
to the ocean’s mixing time of about 103 years
(5). The $44Ca of modern seawater Ca2!

(Table 1) is 0.86 % 0.04‰ (13). The $44Ca
values of carbonate sediments of different
age (Fig. 1) show systematic variation of the
magnitude we expect, roughly coincident
with major climatic events inferred from other
records (14–19). We argue that these $44Ca
data reflect variations in the $44Ca of paleo-
seawater and indicate substantial variability
in the global Ca2! cycle.

The expected variability of $44Ca can be

estimated from a box model of the Ca2!

cycle. The source of Ca2! to the oceans is the
weathering of continental rocks and ocean-
floor basalt (2, 3, 6–10, 20, 21), and the
primary sink for marine Ca2! is its biological
fixation into carbonate sediments. The rate of
change of $44Ca of the oceans (& $SW) is
given by

NCa

d$SW

dt
! FR($R ' $SW)

" FH($H ' $SW) ' FSed(Sed (1)

where NCa is the number of moles of Ca2! in
the oceans; FR and FH are the fluxes of Ca2!

from continental weathering and seafloor ba-
salts, respectively; FSed is the rate of biolog-
ical removal of Ca2! into sediments (22); and
(Sed is the average $44Ca offset between
biogenic carbonate and the seawater Ca2!.

To evaluate the magnitude and variability
of the fractionation associated with biological
fixation of Ca2! into carbonate ((Sed), we
measured $44Ca on foraminifera and cocco-
lithophorids, the main carbonate-producing
organisms in the ocean. The average $44Ca
value of carbonate tests of the temperate in-
tertidal foraminifera, Glabratella ornatissima,
collected over a 2-year interval from Bodega
Bay, California (23), is offset from seawater
Ca2! by '1.2‰, ranging from '1.1 to
'1.5‰. The fractionation of '1.1 to '1.5‰
for foraminifera tests appears to be applicable
to biomineralization in a wide range of
organisms. The coccolithophorid, Emiliania
huxleyi (CCMP 1742), grown in the labora-
tory at 16°C, produced calcium carbonate
with a $44Ca of '0.32 % 0.16 and '0.39 %
0.12‰, 1.3‰ lower than the $44Ca of
!0.98 % 0.20‰ of the Ca2! present in the
seawater growth medium (24 ). A fraction-
ation of '1.2 to '1.5‰ has also been doc-
umented between dietary Ca2! and bone
Ca2! in animals (25). From these data, our
estimate for the global mean value of (Sed is
'1.3‰ (26 ).

Variations in (Sed with temperature

would complicate reconstruction of $SW from
carbonate sediments. Over the small temper-
ature range investigated (Fig. 2), there is a
weak correlation between growth tempera-
ture and $44Ca (r 2 & 0.45), the slope of
which is not significantly different than 0
(P & 0.05). Previous observations also sug-
gest that fractionation varies by less than
0.4‰ in foraminifera over a wide range of
growth temperature (12). Hence, we conclude
that the temperature dependence of the frac-
tionation factor is small enough that the glob-
al average value is well defined.

The $44Ca of the modern weathering flux-
es can be estimated from measurements of
rocks, river waters, and marine carbonates.
Silicate rocks have a $44Ca of !0.3 to
'0.3‰ with an average close to 0‰ (27 ).
The $44Ca values for six large rivers (12)
(normalized to the standard we are using)
(28) are slightly lower than this, yielding an
average $44Ca of '0.3 % 0.2‰. By material
balance, the long-term weathering flux must
have $44Ca equal to that of the long-term
average of $sed, which we calculate from the
data of Fig. 1A to be '0.44‰. Consequently,
the present data suggest that the carbonate
weathering flux may have a lower $44Ca than
the silicate flux and that the weathering flux
is dominated by Ca2! derived from the
weathering of old carbonate rocks (29).

For a steady-state ocean, where $SW and
NCa are both unchanging with time, Eq. 1
reduces to

$SW ! $W # (Sed (2)

where $W is the isotopic composition of the
combined continental and seafloor basalt
weathering fluxes to the ocean. On the basis
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Fig. 1. (A) The $44Ca of marine carbonates over
the last 80 Ma. (B) The ratio of the weathering
flux of Ca2! into the ocean to the flux of Ca2!
out of the ocean due to sedimentation of car-
bonates. FW/FSed is calculated from Eq. 5 with
$SW & $Sed ' (Sed, by using a 30-term Fourier
fit to the data in (A) for $Sed, (Sed & '0.5‰,
and $W & '0.5‰.
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two solutions did not exhibit any shifts. These results
showed that neither the chemical stratification of the solu-
tion, revealed by the change in the crystal size distribution,
nor measurement on a few individual crystals, was associ-
ated with resolvable changes in the calcium isotopic abun-
dances in the crystals.

Figure 4 shows the measure !44Ca plotted against the
logarithm of the fraction (f) of Ca removed from the solution
in each experiment (see column 4, Table 2). The range is
from 0.01 to 10% of total Ca removed. There is a well-
defined, general correlation of !44Ca with f, the lowest value
occurring at very small f. However, this is only a broad
relationship and no strong quantitative relationship is ob-
served. The mixed solutions have only small effects. In
contrast, the relationship between !44Ca and the supersatu-
ration index with respect to calcite (") is very regular as
illustrated in Figure 5. It is shown that the two solutions (#A
and #B) behave in similar but distinctive manners. For each
of the experimental conditions, lower supersaturation indi-
ces were found to be associated with larger Ca isotopic
fractionations. This is true for both unstirred and stirred
solutions. However, solution #A ([Ca] # 150 mmol/L) has a
much lower slope (!44Ca vs ") than that for solution #B
([Ca] # 15 mmol/L). The non-stirred solutions at " # 1
have an intercept for !44Ca # $1.5 % 0.25‰. In contrast,
the stirred solutions of both solutions #A and #B, the isoto-
pic shifts are much diminished and show distinctive low
slopes as compared to the unstirred solutions. For the stirred
solutions at the " # 1 intercept, corresponding to solutions
at equilibrium with calcite, !44Ca # $0.40 % 0.15‰.

If we plot !44Ca versus [CO3
2$] (Fig. 6), we find that all the

data for the unstirred solutions plot on a single line. This is in
contrast to the regularities seen in Figure 5 of !44Ca vs "
where the two solutions lie on different lines. A similar but

different “single correlation line” is observed for the stirred
solutions (Table 2, Exp. #11-15), but the values define an array
with a very low slope. Note that the same behavior is observed
when !44Ca is compared to the sum of HCO3

$ and CO3
2$

Fig. 4. Graph of !44Ca versus log of the fraction (f) of Ca removed
from the solution by crystal growth. There is a systematic trend of
!44Ca from low values of f to zero at high values. There is wide
dispersion along this trend and no precise correlation except for the
stirred solution. Black symbols correspond to experiments during
which the precipitating solution was not stirred. Open symbols corre-
spond to experiments during which the precipitating solution was
vigorously stirred. Circles correspond to solution #A ([Ca] # 0.15
mol/L); and triangles correspond to solution #B ([Ca] # 0.015 mol/L).

Fig. 5. Comparison of !44Ca between the calcium isotopic compo-
sition of calcite crystals relative to that of the precipitating solution
versus the supersaturation state of the solution ("), Black circles
correspond to experiments on solution #A ([Ca] # 0.15 mol/L) during
which the precipitating solution was not stirred. Gray circles corre-
spond to crystals handpicked at different depths from the beaker walls
in the unstirred solution. Experiments done with solution #B ([Ca]
# 0.015 mol/L) are shown as black or grey triangles. The experiments
done with stirring are shown as open circles for solution #A and open
triangles for solution #B. Note that the data for both of the two unstirred
solutions pass through the point !44Ca # $1.5‰.

Fig. 6. Graph of !44Ca vs [CO3
2$] for solutions #A and #B. An

almost identical display is found if !44Ca is plotted against [CO3
2$] &

[HCO3
$] but with only a shift in the scale for the ordinate. Unstirred

solutions are filled circles or triangles. Open circles are for stirred
solutions. Again, note the clear difference between unstirred and stirred
solutions. However, in this representation, there is no difference be-
tween the two solutions (#A and #B) for the unstirred data (see Fig. 5).
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Rate-controlled calcium isotope fractionation in synthetic calcite
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Abstract—The isotopic composition of Ca (!44Ca/40Ca) in calcite crystals has been determined relative to
that in the parent solutions by TIMS using a double spike. Solutions were exposed to an atmosphere of NH3
and CO2, provided by the decomposition of (NH4)2CO3, following the procedure developed by previous
workers. Alkalinity, pH and concentrations of CO3

2", HCO3
", and CO2 in solution were determined. The

procedures permitted us to determine !(44Ca/40Ca) over a range of pH conditions, with the associated ranges
of alkalinity. Two solutions with greatly different Ca concentrations were used, but, in all cases, the condition
[Ca2#]$$[CO3

2"] was met. A wide range in !(44Ca/40Ca) was found for the calcite crystals, extending from
0.04 % 0.13‰ to "1.34 % 0.15‰, generally anti-correlating with the amount of Ca removed from the
solution. The results show that !(44Ca/40Ca) is a linear function of the saturation state of the solution with
respect to calcite (&). The two parameters are very well correlated over a wide range in & for each solution
with a given [Ca]. The linear correlation extended from !(44Ca/40Ca) ' "1.34 % 0.15‰ to 0.04 % 0.13‰,
with the slopes directly dependent on [Ca]. Solutions, which were vigorously stirred, showed a much smaller
range in !(44Ca/40Ca) and gave values of "0.42 % 0.14‰, with the largest effect at low &. It is concluded
that the diffusive flow of CO3

2" into the immediate neighborhood of the crystal-solution interface is the
rate-controlling mechanism and that diffusive transport of Ca2# is not a significant factor. The data are simply
explained by the assumptions that: a) the immediate interface of the crystal and the solution is at equilibrium
with !(44Ca/40Ca) ( "1.5 % 0.25‰; and b) diffusive inflow of CO3

2" causes supersaturation, thus
precipitating Ca from the regions exterior to the narrow zone of equilibrium. The result is that !(44Ca/40Ca)
is a monotonically increasing (from negative values to zero) function of &. We consider this model to be a
plausible explanation of most of the available data reported in the literature. The well-resolved but small and
regular isotope fractionation shifts in Ca are thus not related to the diffusion of very large hydrated Ca
complexes, but rather due to the ready availability of Ca in the general neighborhood of the crystal-solution
interface. The largest isotopic shift which occurs as a small equilibrium effect is then subdued by supersat-
uration precipitation for solutions where [Ca2#]$$[CO3

2"] # [HCO3
"]. It is shown that there is a clear

temperature dependence of the net isotopic shifts that is simply due to changes in & due to the equilibrium
“constants” dependence on temperature, which changes the degree of saturation and hence the amount of
isotopically unequilibrated Ca precipitated. The effects that are found in natural samples, therefore, will be
dependent on the degree of diffusive inflow of carbonate species at or around the crystal-liquid interface in
the particular precipitating system, thus limiting the equilibrium effect. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION

The purpose of this work was to carry out experiments to
understand the calcium isotopic fractionation that takes place
during the growth of calcite from solution. It is well known that
calcium isotopic shifts occur in natural marine carbonate sam-
ples (calcite and aragonite) relative to seawater (Zhu and Mac-
dougall, 1998; Halicz et al., 1999; De La Rocha and DePaolo,
2000; Nägler et al., 2000; Schmitt et al., 2003). It has further
been suggested that this may be used as a thermometer. Recent
experiments have shown clear fractionation effects due to ki-
netic isotopic effects on Ca isotopic abundances relative to the
parent solution for aragonite grown under laboratory conditions
(Gussone et al., 2003). The growth of calcite and aragonite has
been an area of intense study by many workers for decades due

to the important role of CO2 and carbonate dissolution/precip-
itation in the oceans and the general connections to climate.
There are several studies reporting on Ca isotopic fractionation
in biologic systems and reports of fractionation in the growth of
foraminifera (Skulan et al., 1997; Zhu and Macdougall, 1998;
Nägler et al., 2000; Gussone et al., 2003). This study focuses on
Ca fractionation produced in a laboratory study of a simple
inorganic system. There should be some connection between
the results found here and those involved in complex organic
processes, but these issues are not in general addressed here.
We consider that biologic systems will produce isotopic frac-
tionation by normal physical-chemical laws. The key questions
in biologic systems are the reaction pathways and the number
of reaction stages that are used to precipitate CaCO3 (aragonite
or calcite). The actual mechanisms used by different organisms
in precipitating CaCO3 are not well established and remain an
area of investigation.

There have been extensive laboratory studies relating to
isotopic shifts in carbon and in oxygen in carbonate-aqueous
solutions to understand the basic chemical kinetic-equilibrium
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What might be required for 
0.1‰ accuracy?

• Go beyond DFT (great forum for large 
MP2 calculations)

• Larger systems (ion pairs?)

• More configurations (about 100)

• Anharmonicity?

- Quantum Dynamics 

- Free Energy (avoid calculating 
partition function)


