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Abstract

The mineral barite (BaSO4) accommodates calcium in its crystal lattice, providing an archive of Ca-isotopes in the highly
stable sulfate mineral. Holocene marine (pelagic) barite samples from the major ocean basins are isotopically indistinguishable
from each other (d44/40Ca = �2.01 ± 0.15&) but are different from hydrothermal and cold seep barite samples
(d44/40Ca = �4.13 to �2.72&). Laboratory precipitated (synthetic) barite samples are more depleted in the heavy Ca-isotopes
than pelagic marine barite and span a range of Ca-isotope compositions, D44/40Ca = �3.42 to �2.40&. Temperature, satu-
ration state, aBa2þ=aSO4

2�, and aCa2+/aBa2+ each influence the fractionation of Ca-isotopes in synthetic barite; however,
the fractionation in marine barite samples is not strongly related to any measured environmental parameter. First-principles
lattice dynamical modeling predicts that at equilibrium Ca-substituted barite will have much lower 44Ca/40Ca than calcite, by
�9& at 0 �C and �8& at 25 �C. Based on this model, none of the measured barite samples appear to be in isotopic equilib-
rium with their parent solutions, although as predicted they do record lower d44/40Ca values than seawater and calcite. Kinetic
fractionation processes therefore most likely control the extent of isotopic fractionation exhibited in barite. Potential fraction-
ation mechanisms include factors influencing Ca2+ substitution for Ba2+ in barite (e.g. ionic strength and trace element con-
centration of the solution, competing complexation reactions, precipitation or growth rate, temperature, pressure, and
saturation state) as well as nucleation and crystal growth rates. These factors should be considered when investigating controls
on isotopic fractionation of Ca2+ and other elements in inorganic and biogenic minerals.
� 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

In this study we investigated fractionation processes
affecting calcium (Ca) isotopes during barite precipitation,
in order to validate the use of Ca-isotopes in marine (pe-
lagic) barite as a recorder of solution (seawater) chemistry,
and to highlight potential fractionation mechanisms dur-
ing trace element incorporation. This was done by (1) esti-
mating the expected equilibrium fractionation of Ca in

barite using first-principles lattice dynamical models of a
Ca-substituted barite structure, (2) analyzing naturally
occurring marine barite and other types of natural barite
(hydrothermal and cold seep) from a wide range of loca-
tions, and (3) precipitating barite in the laboratory under
various conditions that might influence Ca-isotope
fractionation.

Ca-isotopes are valuable in determining changes in the
global biogeochemical cycling of Ca and carbon (C) on
various time scales (Zhu and Macdougall, 1998; De La
Rocha and DePaolo, 2000; Schmitt et al., 2003b; Soudry
et al., 2004; Fantle and DePaolo, 2005; Heuser et al.,
2005; Kasemann et al., 2005; Steuber and Buhl, 2006;
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Farkaš et al., 2007; Sime et al., 2007). Although the spe-
cific parameters controlling Ca-isotope systematics in dif-
ferent settings are not well understood (e.g. Fantle and
DePaolo, 2007; Sime et al., 2007), it is generally thought
that both kinetic and equilibrium isotope fractionation
processes are involved.

Differences in Ca-isotope ratios between minerals are
typically thought to be controlled by equilibrium isotope
fractionation mechanics (Gussone et al., 2005), although ki-
netic effects at the crystal surface might also explain these
differences. The degree of equilibrium isotopic fractionation
of Ca between minerals is likely to reflect the coordination
number of Ca within these minerals, similar to other main
group lithophile metals like Li, Mg, and Si (Schauble,
2004).

Kinetic isotope fractionations, those resulting from uni-
directional processes under conditions of incomplete isoto-
pic exchange, can be sensitive to a host of factors (e.g.
reaction rates, presence of exchange catalysts, temperature).
It is often difficult to distinguish between the relative contri-
butions of equilibrium versus kinetic effects, although for
inorganic calcite precipitated in the laboratory, Lemarc-
hand et al. (2004) demonstrated that kinetic isotope effects
were indeed present.

Precise equilibrium isotopic fractionation between min-
erals is difficult to determine either empirically or theoreti-
cally. It is usually impossible to directly calculate the
equilibrium isotope fractionation for a particular mineral
pair due to the lack of measurements of vibrational spectra
for uncommon isotopic forms. Instead it may be necessary
to rely on complex empirical force-field calculations or ab

initio quantum chemistry (Schauble, 2004) to determine if
equilibrium isotope fractionation controls differences in
Ca-isotope ratios between measured samples.

Most geologic studies have focused on measuring
Ca-isotopes in minerals that have Ca as a major component
such as calcite, aragonite, or apatite. However, Ca can also
be incorporated in trace amounts within other minerals,
substituting for the major cation(s). For example, the min-
eral barite (BaSO4) can support up to 6% substitution of
Ca2+ for Ba2+ in its crystal lattice (Hennessy and Graham,
2002), although natural barite samples typically contain
much lower Ca concentrations (�400 ppm; Averyt and
Paytan, 2003). Trace element incorporation into a solid is
influenced by many parameters, including the ionic strength
and trace element concentration of the solution, competing
complexation reactions, precipitation or growth rate, tem-
perature, pressure, and saturation state (e.g. Jones et al.,
2004). These parameters are likely to affect equilibrium
and/or kinetic isotopic fractionation of the trace element
in the precipitated mineral.

Barite forms inorganically in the ocean when relatively
Ba2+-rich fluids mix with SO4

2�-rich fluids. This may occur
within sediments (diagenetic barite) and at or near the sea-
floor, either in association with hydrothermal activity
(hydrothermal barite) or in the absence of hydrothermal
activity (cold seep barite) (e.g. Paytan et al., 2002). Barite
also precipitates within the water column (marine or pelagic
barite) in microenvironments containing decaying Ba-rich
organic matter and other biogenic debris (e.g. Chow and

Goldberg, 1960; Dehairs et al., 1980; Bishop, 1988; Stroob-
ants et al., 1991; Ganeshram et al., 2003).

2. NOTATION AND METHODS

2.1. Notation

The Ca-isotope composition of a sample is expressed as
the deviation from a standard solution value, using d-nota-
tion in permil:

d44=40Ca¼ ½ð44Ca=40Casample

� 44Ca=40CastandardÞ=44Ca=40Castandard��1000 ð1Þ

where 44Ca/40Castandard refers to the 44Ca/40Ca isotope ratio
of seawater.

In order to compare isotopic fractionation between a
precipitated solid (d44/40Casolid) and its original parent
solution (d44/40Casolution), the follow representation is used
in permil:

D44=40Ca ¼ d44=40Casolid � d44=40Casolution ð2Þ

2.2. Modeling methods

A rough theoretical estimate of the likely equilibrium
Ca-isotope fractionation between Ca-substituted barite
and dissolved Ca in seawater was obtained by first-princi-
ples lattice dynamics modeling. Models of barite, Ca-substi-
tuted barite, and calcite were constructed using the plane-
wave density functional theory code PWscf (Baroni et al.,
www.pwscf.org). Ca-isotope fractionation factors for cal-
cite and Ca-substituted barite were calculated following
the procedure of Schauble et al. (2006), by sampling pho-
non frequencies of 40Ca and 44Ca-substituted crystals at
non-zero phonon wave vectors (one wave vector for barite,
two for calcite) and using the frequencies to estimate re-
duced partition function ratios for Ca-isotope exchange
(e.g. Urey, 1947).

Pure barite was modeled as a starting point for examin-
ing Ca-substitution, and provided a point of comparison
with experimental structures and phonon frequencies. Ca-
substituted barite was modeled in both a regular barite unit
cell and a 1 � 1 � 2 supercell (i.e. doubled along the short-
est crystal axis). In each model, one Ca atom was swapped
into a Ba site in the crystal. These models correspond to
perfectly ordered 25% mol. and 12.5% mol. CaSO4 substitu-
tions. Although representing higher Ca:Ba ratios than
found in natural barites, empirical potential studies suggest
that these models will provide a reasonably accurate first-
order representation of trace substitution.

To investigate the potential effects of Ca concentration
on Ca-isotope equilibrium fractionation in barite, we exam-
ined a number of hypothetical structures of Ca-substituted
barite, using the empirical potentials of Wahid et al. (2002).
These empirical potential models can be extended to much
larger supercells than are tractable with the more computa-
tionally intensive density functional theory (DFT). Mini-
mum-energy Ca–O bond lengths in these supercell
structures (Table 1) suggest that the inner coordination

5642 E.M. Griffith et al. / Geochimica et Cosmochimica Acta 72 (2008) 5641–5658



Author's personal copy

polyhedra around Ca2+ in 25% and 12.5% mol. substituted
barites are very similar to those coordinating Ca2+ defects
in 2 � 2 � 2 or 3 � 3 � 3 supercells (3.125% and 0.926%
mol. CaSO4, respectively). Equilibrium isotopic fraction-
ation is largely determined by the force constants of the stif-
fest (i.e. shortest) bonds acting on the atom of interest
(Bigeleisen and Mayer, 1947), so the similarity in average
Ca–O bond lengths over a range of Ca concentrations indi-
cates that equilibrium Ca-isotope fractionations calculated
for hypothetical Ca-rich (DFT model) barites are likely to
be close to equilibrium fractionations in Ca-poor (natural
or synthetic) barite.

In constructing the first-principles models of Ca-substi-
tuted barite, an initial relaxation was performed with the
substituted calcium atom positioned at the same crystal site
as barium. Before final relaxation, the substituted calcium
atom was shifted slightly (�0.1 Å) in a random direction,
to remove all mirror-plane and rotational symmetry in
the substituted structure. The inversion symmetry of pure
barite was destroyed by the initial Ca:Ba substitution, and
this, along with the random positional shift, prevented the
substituted structure from relaxing to an unstable state with
false symmetry. The unit cell shape and perturbed atomic
positions were then fully relaxed as described below.

The calcite model was generated as a point of compari-
son between barite and seawater, since experimental studies
suggest that the equilibrium Ca-isotope fractionation be-
tween calcite and water is relatively small (�1.5& Lemarc-
hand et al., 2004; �0& Fantle and DePaolo, 2007), and the
structure and vibrational frequency spectrum of calcite are
relatively simple and well-studied. It is hoped that potential
systematic errors in the present first-principles models of
Ca-substituted barite will be partially cancelled by direct
comparison to a similarly constructed calcite model.

Previous work has shown that quantum mechanical
models, calculated with density functional theory, provide
reasonably accurate estimates of known oxygen and carbon
isotope fractionations in carbonate and silicate minerals
(Schauble et al., 2006; Méheut et al., 2007). Models of cal-
cite and barite in the present study follow this basic meth-
odology. Density functional theory, in principle
mathematically equivalent to Schrodinger’s equation, is
only tractable in complex materials if simplifying assump-
tions are followed. In the present work, all calculations
use a gradient-corrected density functional (PBE; Perdew
et al., 1996), and publicly available ultrasoft pseudopoten-
tials for calcium, barium, sulfur, carbon and oxygen
(www.pwscf.org). The PBE functional provides a computa-
tionally efficient description of electron exchange and corre-

lation effects, while the pseudopotentials simplify
calculations by replacing non-valence electrons with an
effective core potential. For some elements it is helpful to
treat the outermost non-valence electrons as if they were
chemically active (semi-core), even though this slightly in-
creases the computational expense. The calcium pseudopo-
tential included semi-core 3s and 3p electrons in valence
(i.e. a reference configuration of [Ne]3s23p64s23d0). The
barium pseudopotential included 5s and 5p electrons in va-
lence (reference configuration [Kr+4d10]5s25p65d06s26p0),
as well as a nonlinear core correction for non-valence elec-
trons. All of the pseudopotentials except carbon were gen-
erated with scalar-relativistic calculations.

In addition to these simplifications, there are additional
parameters that affect the precision of each model. These
include the number of plane waves in the basis set (ex-
pressed as a maximum or cutoff energy) and the number
of electronic wave vectors used to construct the electronic
structure. In DFT studies, these two parameters are usually
varied by progressively increasing the cutoff energy and
sample of wave vectors (and thus the accuracy of the mod-
el) until the calculated energy of the model structure con-
verges. In this study, the cell parameters (especially the
unit cell size) rather than the structural energy were used
to test convergence, because the former converge more
slowly as the cutoff energy is increased.

Ultrasoft pseudopotentials, the type used in this study,
are particularly useful for studying large, low symmetry
structures like Ca-substituted barite because they generally
converge at lower cutoff energies than other pseudopoten-
tial types. A cutoff energy of 40 Rydberg (544 eV) for the
plane-wave basis sets seems to be sufficient to achieve
�0.1% convergence in unit cell parameters for all model
structures. This cutoff is used in all structural relaxations
and vibrational (phonon) frequency calculations.

The barite and Ca-substituted barite models were calcu-
lated using an offset 2 � 2 � 2 wave-vector grid (Monk-
horst and Pack, 1976), with four distinct electronic wave
vectors, while the calcite model used a six-vector,
3 � 3 � 3 grid. A finer grid for calcite is needed because
the unit cell is much smaller than barite. In each case, the
chosen wave-vector grid yields unit-cell parameters within
�0.1% of finer grids. The accuracies of the first-principles
models were checked by comparing model unit cell param-
eters and Raman or IR-active phonon frequencies with
experiments.

Models of each crystal were optimized, allowing relaxa-
tion of atomic positions and unit cell parameters, until the
residual forces on each atom were less than 10�4 Rydberg/

Table 1
Comparison of supercell structures from density function theory (DFT) and empirical potential models

DFT models Empirical potential models

Supercell dimensions 1 � 1 � 1 1 � 1 � 2 1 � 1 � 1 1 � 1 � 2 2 � 2 � 2 3 � 3 � 3
mol % CaSO4 25.0% 12.5% 25.0% 12.5% 3.1% 0.9%
Mean r(Ca–O) of:
6 shortest Ca–O bonds 2.563 2.53 2.608 2.566 2.6 2.597
8 shortest Ca–O bonds 2.603 2.665 2.714 2.689 2.683 2.682
10 shortest Ca–O bonds 2.736 2.76 2.785 2.783 2.788 2.789
12 shortest Ca–O bonds 2.885 2.88 2.888 2.899 2.9 2.901
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Bohr (�4 � 10�12 N) and every component of stress acting
on unit cells was less than 0.5 kbar.

2.3. Analytical methods

2.3.1. Natural samples

Holocene marine (pelagic) barite was separated from
deep-sea coretop sediments representing most major ocean
basins (Fig. 1) using a sequential acid leaching procedure
(Paytan et al., 1993; Martin et al., 1995; Eagle et al.,
2003). Marine barite is morphologically distinct from
hydrothermal, cold seep, and diagenetic barite crystals,
having characteristically small (few lm sized) euhedral,
elliptical or spherical crystals (Fig. 2). The recovery yield
of this separation method is high (�95%; Eagle et al.,
2003) and no reprecipitation of barite or isotopic redistribu-
tion of Sr occurs (Paytan et al., 1993) which is assumed to
hold true for Ca. Purity of the insoluble residue of the
sequential leaching procedure and morphology of the barite
crystals was checked using scanning electron microscopy
with energy dispersive X-ray spectroscropy (SEM-EDS).
If the samples were not pure (<95% barite), leaching steps
were repeated until the desired purity (>95% barite) was
established. Ti oxides and some highly refractory non-bar-
ite minerals often remain after the described leaching pro-
cess and these must constitute less than 5% of the residue
for reliable Ca-isotope analysis. Analyses of samples with
>5% non-barite minerals in the sample residue resulted in
much higher d44/40Ca values than pure coretop marine bar-
ite samples, being closer to bulk Earth estimates (�0.84&;
Fantle and DePaolo, 2005). Intense screening of each sam-
ple is imperative because of the low concentrations of Ca in
marine barite (�400 ppm) and the possibility for non-barite
Ca inclusion from the refractory minerals in the sample
residue.

Hydrothermal and cold seep pure (>95%) barite samples
with characteristic cross-cutting tabular crystals and rosettes
(sand rose structures) larger than 20 lm were also analyzed
(Figs. 1 and 2). Hydrothermal barite samples come from
chimneys on the Juan de Fuca Ridge (JdFR) (Reyes et al.,
1995) and the Mid-Atlantic Ridge (Tivey et al., 1995) and
massive barite from the Guaymas Basin (Lonsdale and Beck-
er, 1985). Cold seep barite samples were taken from the San
Clemente fault zone off San Diego, California (Lonsdale,
1979; Torres et al., 2002) and dredged samples collected near
Ensenada, Baja California (Legg, 1980). Purity was con-
firmed using SEM-EDS. Prior to dissolution, samples were
rinsed with 8 M nitric acid and ultra-pure Milli-Q water to
dissolve any potential surface contaminants.

2.3.2. Laboratory precipitation experiments

Experiments were designed to test the influence of
changing temperature, initial saturation state, and solution
chemistry (e.g. aBa2þ=aSO4

2�, Ca concentration) on the
isotopic fractionation of Ca in barite. All experiments were
preformed with [SO4

2�] in excess with respect to [Ba2+] be-
cause this is most similar to natural conditions in the mod-
ern ocean. However, the saturation indexes of all of the
experiments (S.I. = 2.3–3.97) were much higher than those
in the oceanic water column (Monnin and Cividini, 2006)
in order to precipitate ample barite from manageable vol-
umes of solution in the laboratory.

Seawater from the Pacific Ocean collected close to Santa
Cruz, California was filtered with 0.22 lm pore-sized mem-
brane filters (Millipore type GSWP) and used as a medium
for barite precipitation (pH 8.2). BaCl2 (barium chloride
dihydrate, Fisher Chemical B34-500), CaCl2 (calcium chlo-
ride dihydrate, Sigma C2536), and Na2SO4 (sodium sulfate,
anhydrous, Fisher Chemical S93381) were dissolved in
ultra-pure Milli-Q water to produce precipitation/feed

Fig. 1. Locations of natural barite samples. Open circles are Holocene marine (pelagic) barite samples. Filled stars are hydrothermal and cold
seep barite samples. Map was created using Online Map Creation with the Generic Mapping Tools (http://www.aquarius.geomar.de/omc/).
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Fig. 2. Morphology of natural (a–d) and synthetic (e–j) barite crystals seen in scanning electron micrographs. Euhedral to sub-spherical
marine barite, coretop sediments: (a) Pleiades expedition core 77, 1.03�N, 119.55�W, and (b) TN057-10 core, 47.09�S, 5.92�E. Cross-cutting
tabular crystals and rosette structure of hydrothermal barite: (c) Guaymas Basin. Platy tabular cold seep barite: (d) San Clemente Sea Cliff
355. Rhombic to irregular crystals, synthetic barite: (e) Experiment 1A, (f) Experiment 1C, (g) Experiment 5C, (h) Experiment 2, and (i)
Experiment 3. Synthetic barite agglomerate and fines: (j) Experiment 4. Images a, c, and h were taken in secondary electron mode. Images b,
d–g, i, and j were taken in back scatter mode. Image (a) is adapted from Paytan et al. (2002).
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Table 2
Summary of experiments conducted

Purpose: Determine dependence of precipitation conditions on Ca-isotope fractionation
Method: Mix SO4 and Ba solutions to precipitate BaSO4 in the presence of Ca at different concentrations

Name, solution chemistry Temp. (�C) SO4

mmol/kg
Ba
mmol/kg

Ca
mmol/kg

Sat. Indexa aBa/aSO4
aCa/aBa d44/40Casolution nb 2rmean

c d44/40Casolid nb 2rmean
c D44/40Ca +/� d

Precipitation experiments

1A, seawater+BaCl2 5 29e 0.5 9 3.97 0.03 14.5 � 0.05 6 0.15 �3.28 4+(1) 0.36 �3.23 0.39
1B, seawater+BaCl2 20 29e 0.5 9 3.71 0.03 14.3 �2.77 3 0.18 �2.72 0.23
duplicate 23 29e 0.5 9 3.66 0.03 14.3 �2.45 (2) 0.16 �2.40 0.22
1C, seawater+BaCl2 40 29e 0.5 9 3.40 0.03 14.3 �2.62 4+(1) 0.42 �2.57 0.45
2, seawater+CaCl2+BaCl2 19 29e 0.5 13 3.72 0.03 20.8 �0.54 1+(1) 0.17 �3.45 3 0.19 �2.91 0.25
3, seawater+CaCl2+BaCl2 19 29e 0.5 72 3.65 0.04 111.1 �1.20 2+(1) 0.30 �4.62 1 �3.42 0.38
duplicate 21 29e 0.5 72 3.61 0.04 111.1 �4.43 3 0.50 �3.23 0.58
4, seawater+BaCl2 21f 29e 0.02 9 2.30 0 333.3 �0.14 2 0.09 �2.78 2 0.17 �2.64 0.19
5A, MilliQ+BaCl2+CaCl2+NaSO4 5 0.9 0.4 8 3.13 0.62 19.6 �0.85 2 0.14 �4.20 2 0.09 �3.35 0.17
5B, MilliQ+BaCl2+CaCl2+NaSO4 21 0.8 0.4 8 2.82 0.73 19.6 �4.16 3 0.25 �3.31 0.29
5C, MilliQ+BaCl2+CaCl2+NaSO4 40 1.3 0.4 8 2.74 0.46 19.2 �3.92 2 0.00 �3.07 0.14

a Initial saturation index (S.I.) calculated from the solution chemistry after addition of feed solution(s) using Visual MINTEQ 2.52. (Gustafsson, 2007).
b n = number of TIMS analyses on a single sample; numbers in parentheses were sample runs analyzed at IFM-GEOMAR.
c 2rmean = 2r/n0.5 calculated from repeated TIMS measurements of an individual sample.
d Uncertainty of D44/40Ca using error propagation.
e Approximate concentration in surface Pacific water.
f Fluctuations during length of experiment (�30 days) were approximately ±1 �C.
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solutions (pH 5.5) that were added to seawater or Milli-Q
water to induce barite precipitation (Table 2). All solutions
were stirred continuously during experiments with a mag-
netic stirring rod. Experiments were conducted in acid
cleaned glass beakers (1–20 L). Barite was collected after
precipitation by filtration and rinsed with 8 M nitric acid
and Milli-Q water, except Experiment 4 for which barite
was not rinsed with nitric acid.

In all experiments, just enough feed solution was added
to precipitate �100 mg of barite, so that the solution Ca
concentration was not significantly altered during the
course of the precipitation experiments. Because we are ulti-
mately interested in determining the effect of various
parameters on Ca-isotope fractionation during incorpora-
tion into barite, it is important not to alter the concentra-
tion or isotopic composition of Ca in solution. To verify
this, the concentration of Ca in solution was measured be-
fore and after each experiment using an inductively coupled
plasma atomic-emission spectrometer (ICP-AES). A
change of less than 10% in the Ca concentration was seen
after each precipitation experiment except for Experiments
1A, 5A, and 5C, which showed changes of 13, 11, and 13%
respectively. Some of this Ca could have precipitated out of
solution as CaSO4 that was subsequently removed from the
sample when the precipitated barite was separated and
rinsed before analysis.

The small change in solution Ca concentration ensures
that the isotopic composition of the parent solution from
which barite precipitates maintains a nearly constant isoto-
pic signature (within analytical error) throughout the exper-
iments. The d44/40Ca of solution in Experiment 1A (with the
largest change in Ca concentration) was measured before
and after barite precipitation and no significant isotopic
change was detected. We suspect that this indicates some
removal of Ca to phases (e.g. CaSO4) other than barite in
this experiment, because Rayleigh fractionation solely into
barite would have changed the d44/40Ca of the residual solu-
tion by �0.5& if all the Ca was incorporated into barite. A
�0.1& change (consistent with the observed insignificant
difference) is easily explained by partitioning of Ca into a
barite and CaSO4 mixture. Since Experiment 1A represents
the most Ca-depletion of any experimental solution, and no
change in the d44/40Ca of the residual solution was detected,
we assume that the isotopic composition of Ca in all other
experimental solutions was likewise unaffected by barite
precipitation.

In Experiment 1, 10 mM Ba solution was added gradu-
ally 1 mL at a time into 1 L of seawater at room tempera-
ture until �100 mg of barite precipitated. In total 45 mL
of 10 mM Ba (0.45 mmol Ba) was added over a period of
approximately 10 min. The experiment was repeated at
two additional temperatures (5 and 40 �C) and duplicated
at room temperature (Table 2) to test the influence of
changing temperature and initial saturation state on the iso-
topic fractionation of Ca in barite. Low temperature exper-
iments (5 �C) were conducted in a cold room and high
temperature experiments (40 �C) were conducted on a hot
plate. In Experiments 2 and 3, filtered seawater was spiked
with CaCl2 to raise the Ca concentrations to 13 and
72 mmol/kg, to test the influence of Ca concentration on

its isotopic fractionation during incorporation in barite.
Ba was added following the method outlined for Experi-
ment 1, to precipitate �100 mg of barite at room tempera-
ture. In Experiment 4, a more dilute Ba solution (0.2 mM)
was dripped into 20 L of filtered seawater at room temper-
ature over approximately one month to test the influence of
a low saturation state and aBa2þ=aSO4

2�. In total
0.45 mmol Ba was gradually added to 20 L of seawater
(0.02 mM Ba).

In Experiment 5, CaCl2 and BaCl2 were added to ultra-
pure Milli-Q water to reach concentrations of 8 mmol/kg
and 0.4 mmol/kg, respectively, nearly identical to condi-
tions in Experiment 1. A total of 80–130 mL of 0.01 M
SO4 solution was then added to each beaker to induce bar-
ite precipitation (Table 2) over a period of approximately
10 min. The experiment was repeated at three different tem-
peratures (5, 21, 40 �C). This experiment was designed to
test the influence of different saturation states and solution
chemistry (seawater vs. Milli-Q water).

In all experiments, barite precipitation occurred during
addition of the feed solution to the precipitation medium
after supersaturation was reached and continued until feed
solution addition was complete. Precipitation rate was not
measured. Crystal sizes varied among experiments (Fig. 2)
but were not quantitatively determined. No general trend
in crystal size was apparent in the experiments.

2.3.3. Saturation calculations

The saturation index (S.I.), defined as the difference be-
tween the log of the barium sulfate ionic product and the
barite solubility product [log (IAP) � log(Ks)], was calcu-
lated for each experimental solution (Table 2) by the com-
puter program Visual MINTEQ 2.52. (Gustafsson, 2007)
from the solution chemistry after addition of feed solu-
tion(s), i.e. at initial precipitation conditions. The Davies
method for activity correction was used with default dat-
abases, at the appropriate (fixed) pH, temperature, and io-
nic strength calculated from major ion concentrations
(average seawater concentrations were used from Pilson,
1998). Ion activities in the experimental solution at initial
precipitation conditions were also calculated by Visual
MINTEQ 2.52 and reported in Table 2. Errors propagated
by calculating the solution chemistry using this method are
assumed to be identical for all experiments and should not
significantly alter trends identified in the data. It is impor-
tant to note that at the end of the experiments, no measur-
able Ba remained in solution for all experiments and no Ba
or SO4 remained after precipitation for Experiment 5. The
desaturation of the solutions occurred over the time scale of
the experiments (approximately 10 min) resulting from the
precipitation of barite. The change in saturation during pre-
cipitation was roughly the same for each experiment and
should not drastically affect our conclusions. Additional
experiments should be done to investigate if variations in
the desaturation of the solution during precipitation do in
fact affect Ca-isotope fractionation.

2.3.4. Sample preparation

Pure barite samples (>95% barite) were dissolved by
chelation with cation exchange resin (Mitsubishi Chemical
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Industries, MCI Gel-CK08P) following Church (1970) and
Paytan et al. (1993). The resin was cleaned prior to use with
multiple rinses of distilled 8 M HCl and ultra-pure Milli-Q
water and conditioned with water until the pH was �5.5.
10 mg of barite sample was added to Teflon beakers with
Milli-Q water and 1 mL of cleaned cation resin. The sam-
ples were heated in the oven to 90 �C for up to 10 days to
dissolve the sample. Cations bind to the resin, separating
from sulfate anions in solution. The anion-Milli-Q solution
was decanted approximately daily and new Milli-Q water
added. After dissolution, cations were extracted from the
resin into an acid solution, using two separate rinses of
2 mL of ultra-pure 6 M HCl to ensure that all cations were
released. Although complete dissolution of the barite was
not always achieved, 100% of the Ca2+ in solution was
recovered as determined using a standard solution similar
to that expected for dissolved barite. Five marine barite
samples were tested and no relationship was found between
the measured Ca-isotope ratio of each sample and the dif-
ference between our dissolution step (yields of < 100%)
and a dissolution procedure using a basic, ethylene diamine
tetra acetic acid (EDTA) solution which yields 100% disso-
lution (Averyt and Paytan, 2003), see Fig. 3. This supports
our assumption that the chelation dissolution step does not
affect our measured Ca-isotope ratios.

2.3.5. Column chemistry and mass spectrometry

For the analysis of 44Ca/40Ca ratios in this study, we
have used the widely accepted ‘‘double-spike” internal stan-
dard approach. Our double-spike, an artificially prepared
Ca standard containing a precisely known excess of 42Ca
and 48Ca, is added to the samples prior to chemical purifi-
cation. The amount of spike added is adjusted to the Ca
concentration of the sample so that a constant ratio of spike
Ca to sample Ca is maintained between samples. In prac-

tice, in the resulting mixture greater than 90% of 40Ca
and 44Ca are derived from the sample, while greater than
90% of 42Ca and 48Ca are derived from the double spike.
Correction for fractionation and mathematical subtraction
of the double-spike component from the mixture is accom-
plished using a widely accepted algorithm (Skulan et al.,
1997). A constant ratio of spike Ca to sample Ca minimizes
error propagation during data reduction but is not required
by the algorithm. Small errors in measurement of sample
calcium concentration do not significantly affect the quality
of the data.

Ca concentrations in the dissolved barite cation sample
and precipitation solutions were determined using an
ICP-AES. A sample aliquot of �700 ng of Ca for each iso-
topic analysis was spiked using an internal standard of
48Ca–42Ca enriched solution (double-spike) of a precisely
known Ca-isotope ratio to correct for isotopic fractionation
occurring during the course of sample processing and anal-
ysis as discussed above. Samples were then evaporated to
dryness, dissolved in 75 lL of 0.75 M HCl, and loaded onto
small volume (1 mL) quartz columns filled with cation ex-
change resin (MCI Gel-CK08P) to separate Ca2+ from
interfering cations (e.g. Sr2+). Samples were eluted with
ultrapure 1.8 M HCl and the purified Ca fraction was col-
lected for analysis. Column blanks were less than 1% of
the sample loaded on the column (less than 4 ng Ca). Full
procedural blanks were less than 1% of total sample (less
than 40 ng Ca). One synthetic barite sample was prepared
three times and analyzed, indicating an external reproduc-
ibility of ±0.16& (2rmean).

Ca-isotope compositions were measured using a ‘‘dou-
ble-spike” amendment technique on a Finnigan MAT 261
adjustable multi-collector thermal ionization mass spec-
trometer (TIMS) in multiple-collection dynamic mode at
the U.S. Geological Survey at Menlo Park, California.
Purified spiked Ca samples were re-dissolved in a small
amount of H3PO4 and loaded onto single tantalum fila-
ments (no activator was used). Current intensities for the
40Ca ion beam were kept between 10–15 pA, and data
was collected with a minimum of 60 isotope ratio measure-
ments collected in blocks of 10 composite scans in a series
of magnetic field-switched peak hops (first 40Ca and 42Ca
were scanned simultaneously, then 42Ca and 44Ca simulta-
neously, then 48Ca alone). Each measurement included a
4 s delay to allow the magnetic field to settle prior to ion
current measurement for 4 s. Total time for analysis,
including sample warm-up, is approximately 1.5 h. Ion cur-
rents were maintained at 1.0 to 1.5 � 10�11A for the 40Ca
ion beam throughout an analysis, and beam focusing was
rigorously optimized manually between each block of data
collection. Internal precision of the algorithm-corrected
44Ca/40Ca ratio is typically better than 0.15& (2r, 95% con-
fidence). Double spike-subtracted 44Ca/40Ca ratios were
normalized to the long-term average 44Ca/40Ca ratio deter-
mined for seawater on this mass spectrometer, in order to
provide the basis for the ‘‘delta” scale reported in the data
tables.

Replicates of the natural barite samples analyzed for this
study yielded an average external (intra-assay) precision
of ± 0.14& (2rmean). All but two samples were run in rep-

Fig. 3. Comparison of percent difference between estimated Ca/Ba
from the chelation dissolution step (<100% yield) in this study and
dissolution in a basic EDTA solution (100% yield; Averyt and
Paytan, 2003) vs. the measured Ca-isotopic composition of marine
barite. No significant relationship was found in Ca isotopes
regardless of dissolution yield supporting the assumption that the
chelation dissolution step does not affect our measured Ca-isotope
ratios. Error bars are the average 2rmean = 0.14&.
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licate. External precision has been further assessed at the
USGS lab over the past 4 years by running full procedural
replicates on reference materials having d44/40Ca values
bracketing those of results presented here: ± 0.063& (2r,
95% confidence) for 29 full procedural replicates of a sea-
water sample (d44/40Ca=0&); ± 0.040& for 90 replicates
of La Jolla Ca (d44/40Ca = �1.38&); and ±0.154& for 10
replicates of NIST SRM915A (d44/40Ca = �2.01&). Addi-
tional details of the analytical procedures used for determi-
nation of Ca-isotope compositions and references to
double-spike subtraction procedures and data validation
techniques, are given in the Data Supplement of Skulan
et al. (2007).

Several samples were also run on a Finnigan TRITON
TIMS, using the same double-spike technique, at the
IFM-GEOMAR research center in Kiel, Germany as indi-
cated in Table 2. Complete details of the analytical method
for the TIMS are outlined in Heuser et al. (2002). Compar-
ing 18 calcite and barite samples run on both instruments
(this study and Griffith et al., 2008), the interlab average
absolute difference is 0.15&, the root-mean-square differ-
ence is 0.20&, and the mean difference (Kiel–Menlo Park)
is 0.04&. If we only consider barites measured in both labs
(7 samples), d44Ca measured at Menlo Park is, on average,
0.22& lower than at Kiel. Although this might suggest that
there is a small systematic offset between the two labs, it ap-
pears to be too small to affect any conclusions drawn from
the present results. No interlaboratory correction has been
applied to the data reported here.

For the hydrothermal and cold seep barite samples, Sr
was also separated from all other cations following the
same method described above for Ca and in Paytan et al.
(1993). These samples were analyzed on the Finnigan
MAT 261 TIMS adjustable collector instrument at the
U.S. Geological Survey at Menlo Park, California follow-
ing standard procedures as outlined in Bullen et al.
(1996). 87Sr/86Sr measurements are precise within
2 � 10�5 (95% confidence level).

3. RESULTS

3.1. Theoretical equilibrium fractionation factors

3.1.1. Model crystal structures and vibrational (phonon)

frequencies

Calculated unit cell parameters for calcite, barite, and
both 25% and 12.5% mol. Ca-substituted barite are
shown in Table 3. Model structures for calcite and barite
conform closely to measurements (Graf, 1961; Jacobsen
et al., 1998), generally slightly overestimating the size
of each unit cell, and accurately reproducing measured
atomic coordinates (RMS misfit 0.003 in fractional
units). The tendency of plane-wave calculations, using
gradient-corrected functionals like PBE, to overestimate
unit cell volumes by �3% is well known (e.g. Wu and
Cohen, 2006).

Calculated frequencies of Raman and infrared-active
vibrational modes (phonons) are compared with experi-
ments in Fig. 4. It appears that the models slightly
underestimate frequencies in barite, much like carbonate

minerals, with an overall excellent correlation (RMS
misfit � 10 cm�1 after scaling by 1.052). However, in
detail the best fit scale-factor for barite frequencies is
slightly different than for calcite (1.052 vs. 1.032), a dif-
ference that exceeds the nominal statistical uncertainty
in each scale factor. Since this study is concerned pri-
marily with the difference between isotopic properties
of these two crystals, we have chosen to use the calcite
best-fit scale factor (1.032) for both crystals. This has
the advantage of minimizing the effect of the empirical
scale factor on calculated fractionations, and is also
very close to the scale-factor previously used to estimate
13C–18O clumping equilibria, 13C/12C, and 18O/16O frac-
tionation factors in carbonate minerals (Schauble et al.,
2006). We will further test the effect of frequency scale
factors below.

3.1.2. Estimated equilibrium 44Ca/40Ca fractionation factors

D44/40Ca is related to the fractionation factor (a) by the
following equation (Criss, 1999):

D44=40CaA�B � 1000ðaA�B � 1Þ � 1000 lnðaA�BÞ ð3Þ

For the present study, we have not been able to model dis-
solved Ca2+ directly, but we can calculate the fractionation
between Ca-substituted barites and calcite, as shown in
Fig. 5. The Ca-substituted barites are predicted to have
much lower 44Ca/40Ca than calcite, by 8.9–9.4& at 0 �C
and 7.5–7.9& at 25 �C. The 25% mol. and 12.5% mol.
substituted barite models give very similar results (within
�0.6& over the temperature range of interest), consistent
with the observation that the Ca–O coordination structures
in these relatively Ca-rich barites are very similar. Based on
the empirical potential models of large supercells, we expect
that even sub-% Ca-substituted barite will show similar
fractionation behavior. The predicted equilibrium barite-
calcite fractionations overwhelm recently estimated cal-
cite-water fractionations (Lemarchand et al., 2004; Fantle
and DePaolo, 2007); strongly suggesting that barite will,
at equilibrium, have much lower 44Ca/40Ca than a coexis-
ting aqueous solution (e.g. by 6–8& at 25 �C). Apparently
substitution of Ca2+ for the much larger Ba2+ ion leads to a
weak bonding environment around Ca2+, as discussed in
more detail below.

The calculated temperature sensitivity of the barite-calcite
fractionation is approximately 0.05& per �K (or �C) near
ambient temperatures (d[1000 ln(a)]/dT �–2000 ln(a)/T,
where T is in Kelvin). Polynomial fits of the calculated bar-
ite-calcite fractionation factors for 25% (Eq. 4a) and 12.5%
(Eq. 4b) substituted barites as a function of absolute temper-
ature are given below:

1000 � lnðaBarite��calciteÞ ¼ �6:92� 105=T 2 þ 2:38

� 109=T 4 ð4aÞ

1000 � lnðaBarite��calciteÞ ¼ �7:32� 105=T 2 þ 2:42

� 109=T 4 ð4bÞ

where T is in Kelvin. These fits reproduce calculated frac-
tionation factors within 0.01& at temperatures above
263 K (�10 �C).
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3.1.3. Accuracy of theoretical estimates

The first-principles calculations reported here are clearly
somewhat crude, particularly in making a highly simplified
treatment of Ca-substitution into the barite structure. It is
not definitely known whether Ca substitutes into vacant
Ba sites in barite, and the optimization procedure used here
may have converged to a meta-stable structural configura-
tion. The absence of imaginary phonon frequencies for at
least two phonon wave vectors in each of the Ca-substituted

barite models strongly suggests that they represent local
energetic minima, but cannot guarantee that the global
minima for Ca-defects have been found.

Despite these uncertainties, our prediction of low
44Ca/40Ca in barite is consistent with the expected crystal-
chemistry of Ca2+–Ba2+ substitution. The Ca2+ ion
(1.12 Å in 8-fold coordination; Shannon, 1976) is consider-
ably smaller than Ba2+ (1.42 Å in 8-fold coordination), sug-
gesting that the Ca–O bonds in barite are strained. In fact,
the eight shortest Ca–O bonds in the optimized substituted
barite structures average 2.60–2.67 Å, much longer than the
average Ca–O bond length (2.47 Å) in CaSO4-anhydrite
(Hawthorne and Ferguson, 1975). In addition, Ca occupies
a more compact 6-fold (octahedral) coordination site in cal-
cite, with even shorter Ca–O bond lengths (2.36 Å; Graf,
1961) and higher-order Ca–O bonds. Bond stretching and
increased coordination number both will tend to decrease
the force constants acting on the Ca2+ ion in barite, relative
to calcite, reducing the relative affinity of the barite cation

Table 3
Model crystal structures of calcite, barite, and ordered 25% and
12.5% Ca-substituted barite

Mineral, formula, and space
group

Exp.a Model Mismatch

Calcite, CaCO3, R–3c
Unit cell

a = b = c (Å) 6.375 6.414 0.60%
Lab (�) 46.08 46.27 0.40%
Volume (Å3) 122.65 125.75 2.50%

Atom positions (fractional)

xO 0.5078 0.5073

Barite, BaSO4, Pbnm
Unit cell
a (Å) 7.154 7.155 0.00%
b (Å) 8.879 8.819 �0.70%
c (Å) 5.454 5.513 1.10%
All angles 90�
Volume (Å3) 346.44 347.83 0.40%

Atom positions (fractional)

xBa 0.1584 0.1554
yBa 0.1845 0.1865
xS 0.1908 0.1873
yS 0.4375 0.4389
xO1 0.1072 0.1029
yO1 0.587 0.5925
xO2 0.0498 0.0437
yO2 0.3176 0.3157
xO3 0.3118 0.3096
yO3 0.4194 0.4209
zO2 0.9704 0.9714

Ca: barite, CaBa3(SO4)4, P1
Unit cell

a (Å) 7.1
b (Å) 8.583
c (Å) 5.518
hbc (�) 90.07
hac (�) 91.13
hab (�) 88.16
Volume (Å3) 336.01

Ca: barite, CaBa7(SO4)8, P1
Unit cell

a (Å) 7.122
b (Å) 8.676
c (Å) 11.041
hbc (�) 90.00
hac (�) 90.00
hab (�) 90.82
Volume (Å3) 682.19

a Experimental or measured structure for calcite from Graf
(1961) and barite from Jacobsen et al. (1998).

Fig. 4. Comparison of calculated phonon (vibrational) frequencies
in (a) calcite and (b) pure barite with Raman and infrared
measurements. Calcite measurements are from Porto (1966), Rutt
and Nicola (1974) and Hellwege et al. (1977), with one additional
datum from a neutron-scattering study by Cowley and Pant (1973).
Barite data are from Dawson et al. (1977). Frequencies are
indicated in wavenumber units (cm�1).
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site for heavy Ca-isotopes. The unusually long, weak Ca–O
bonds in barite probably cause the extreme isotopic frac-
tionation predicted by the first-principles models. The coor-
dination structure of un-complexed Ca in solution is
thought to be 6- to 8-fold (e.g. Bakó et al., 2002; Fulton
et al., 2003; Bruneval et al., 2007), and the Ca–O (solvation)
bonds are unlikely to be strained in such an easily deformed
medium (observed mean bond length �2.4 Å), so it is also
reasonable to expect much lower 44Ca/40Ca in barite in
equilibrium with an aqueous solution.

Compared to uncertainties stemming from the simplified
treatment of Ca-substitution into the barite structure, other
errors in the first-principles calculations are likely to be
minor. Changing the frequency scale factor for barite from
1.032 to the barite best-fit value of 1.052 changes the calcu-
lated fractionation factors by only �0.2& at 0–25 �C,
slightly increasing the estimated 44Ca/40Ca of barite. Elim-
inating the scale factors entirely for both calcite and barite
will change the estimated fractionation factors by 0.4–0.5&

over the same temperature range. Estimates of likely anhar-
monic effects and imperfect correlation between model and
measured phonon frequencies suggest a total uncertainty of
approximately ±1&, but the error could be much larger if
Ca-substitution into barite is mischaracterized by the
model.

3.2. Natural barite

3.2.1. Marine barite

The average d44/40Ca of Holocene coretop marine (pela-
gic) barite in the modern oceans is �2.01& ± 0.15 (average
2rmean) as determined from measurements of 23 samples
from 15 locations (Table 4, Fig. 6). These samples are much
less depleted in 44Ca than predicted by our model of equi-
librium fractionation, suggesting a kinetic fractionation
mechanism. No clear relationship exists between the Ca-
isotope composition of marine barite and the average an-
nual temperature (1–14 �C) in the upper 700 m of the water
column (Fig. 7a), where the majority of marine barite is

thought to precipitate (Chow and Goldberg, 1960; Dehairs
et al., 1980; Bishop, 1988; Stroobants et al., 1991). There is
also no detectable correlation with the depth of coretop
locations, ranging from 3175–4431 m (Fig. 7b). No rela-
tionship is observed between the Ca-isotope composition
of marine barites and the sampled ocean basin, the domi-
nant organism, bulk sediment and barite accumulation
rates, the water column barite saturation (at the seafloor
or 700 m), and other upper (700 m) water column proper-
ties such as salinity, carbonate concentration, and dissolved
oxygen concentration (data not shown).

It has been shown that marine barite directly records the
87Sr/86Sr of contemporaneous seawater (Paytan et al., 1993)
and therefore its Sr source is most likely seawater or a Sr
source identical to seawater such as marine biogenic car-
bonates. If Ca has the same source as Sr during marine bar-
ite precipitation, the Ca-isotope composition of the parent
solution could either be the same as seawater, or possibly
be controlled by Ca derived from marine biogenic matter
such as dissolved carbonate tests. These two pools of Ca
probably have different Ca-isotope compositions: seawater
d44/40Ca=0.00& and average marine carbonate d44/

40Ca � �1.2& (e.g. Heuser et al., 2005). Evidence for the
origin of the Ca in barite comes from the homogenous
isotopic composition of measured marine barite samples
(± 0.15&). We believe it is unlikely, although possible, that
the contribution of Ca from degrading and dissolving bio-
genic matter within the microenvironments in which marine
barite precipitates is identical throughout all ocean basins.
Therefore, we conclude that the dominant source of Ca in
marine barite is probably seawater, which has a uniform
Ca-isotope composition at any given time in the ocean
due to its long residence time of �1 million years (Broecker
and Peng, 1982). This indicates an apparent effective frac-
tionation between marine barite and its parent solution
(seawater) of � 2.01& (± 0.15&).

3.2.2. Hydrothermal and cold seep barite

Hydrothermal and cold seep barite samples record lower
d44/40Ca values than marine barite (i.e. light isotope enrich-
ment) and exhibit a range of Ca-isotope compositions from
�4.13& to �2.72& (Table 4, Fig. 6). Thus it appears that
the measured hydrothermal and cold seep barite samples
are isotopically distinct from Holocene marine barite
(�2.01&). However, these natural samples are also, like
marine barite, significantly less depleted in 44Ca than pre-
dicted by our equilibrium models, suggesting they also
did not precipitate in equilibrium with seawater, hydrother-
mal, or cold seep fluids.

The Ca sources (parent solutions) during barite precipi-
tation in these natural settings include several potential
end members: hydrothermal fluids (d44/40Ca � �0.96&;
Schmitt et al., 2003a; Amini et al., 2008), seawater
(d44/40Ca=0.00&; Hippler et al., 2003), and cold seep fluids
which include a range of Ca-isotope signatures, i.e. a mix-
ture of Ca from seawater, brines, carbonates, sulfates, or
silicates (Teichert et al., 2005). In order to determine the
empirical fractionation between solid and solution (Eq.
2), the Ca-isotope composition of the solutions from which
the natural barite samples precipitated must be defined.

Fig. 5. Theoretical equilibrium 44Ca/40Ca fractionation between
25% calcium-substituted barite and calcite, 1000ln(aBarite–Cc).
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Table 4
Summary of natural barite results

Name Latitude Longitude Depth
(mbsl)

Temp. a (�C) d44/

40Ca
Samples nb 2rmean

c 87Sr/86Srd Sediment description

Holocene marine (pelagic) barite

Polarstern—PS2499-1 46.5�S 15.3�W �3175 4 �1.88 1 2 0.07 Calcareous ooze with siliceous component
T. Thompson—TNO57-10 47.1�S 5.9�E �4398 3 �2.15 2 2 0.05 Siliceous ooze with clay, foraminifera bearing
Pleiades—PLDS-069PG 1.0�N 105.6�W �3527 11 �2.06 4 8 0.09 Calcareous, biogenic, sandy mud
Pleiades—PLDS-070Bx 1.1�N 107.2�W �3694 11 �1.82 2 4 0.08 0.70918 Calcareous, biogenic, sandy mud
Pleiades—PLDS-077Bx 1.1�N 119.9�W �4366 12 �2.07 1 2 0.18 0.70917 Calcareous, biogenic, sandy mud
JGOFS TTN013_58 0.1�N 139.7�W �4301 12 �2.15 1 3 0.39 Calcareous biogenic ooze
JGOFS TTN013_82 2.0�N 140.2�W �4413 13 �2.07 2 6 0.05 Calcareous biogenic ooze
JGOFS TTN013_88 0.8�N 139.9�W �4415 12 �2.06 1 3 0.25 Calcareous biogenic ooze
JGOFS TTN013_113 4.0�N 139.9�W �4431 12 �1.94 3 6 0.19 Calcareous biogenic ooze
Venture01—VNTR01-5GC 2.8�N 110.6�W �3764 12 �1.91 1 2 0.14 Terrigenous mud, foraminifera bearing
Venture01—VNTR01-8PC 0.0�N 110.5�W �3791 11 �2.05 1 2 0.14 Calcareous, foraminifera, sandy mud
Venture01—VNTR01-10GC 4.5�S 102.0�W �3405 11 �2.21 1 2 0.10 Calcareous, foraminifera, sandy mud
Venture01—VNTR01-11GC 0.1�N 95.3 �W �3345 11 �2.01 1 2 0.23 Calcareous, foraminifera, sandy mud
Nathaniel B. Palmer—NBP9802 7MC2 66.1�S 169.5�W �3995 1 �2.07 1 1 Diatomaceous, carbonate ooze, ice rafted

debris
Eurydice—ERDC-125 0.0�S 161.0�E �3368 14 �1.73 1 2 0.14 0.70918 Calcareous, biogenic mud or ooze, sandy

Cold seep barite

San Clemente Basin 32�N 117.5�W �1800 �2.72 1 2 0.15 0.70866 Stratiform, bedded barite
Baja California, Ensenada 31.5�N 116.5�W �3.31 1 2 0.23 0.70878 Massive barite

Hydrothermal barite

Guaymas Basin 27�N 111.5�W �2000 �2.74 2 3 0.02 0.70595 Massive barite
MidAtlantic Ridge 26�N 44.5�W �3500 �3.15 1 2 0.06 0.70516 Barite mounds and chimneys
JdFR ALV 2254-22 ext. chim. Mid.
Valley

48�N 128.5 �W �2400 �3.42 1 2 0.10 0.70442 Barite mounds and chimneys

JdFR ALV 2254-22 int. chim. Mid.
Valley

48�N 128.5�W �2400 �3.99 1 2 0.41 0.70443 Barite mounds and chimneys

a Average temperature in the upper 700 m of the water column from World Ocean Atlas 1998 (Conkright et al., 1998).
b n=number of TIMS analyses on a single sample.
c 2rmean=2r/n0.5 calculated from repeated TIMS measurements of an individual sample.
d Marine barite results from Paytan et al. (1993).
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Therefore, the 87Sr/86Sr of each sample was also measured
(Table 4) because it has been useful in previous studies to
distinguish between potential sources of Sr2+ during barite
precipitation (e.g. seawater or hydrothermal fluids; Paytan
et al., 2002) and might reveal similar information about
the source of Ca2+.

Hydrothermal barite samples precipitate where hydro-
thermal fluids and seawater mix. We estimated the Ca-iso-
tope composition of the hydrothermal fluid using the
calculated ratio of hydrothermal to seawater determined
by 87/86Sr for hydrothermal barite samples (see Paytan,
1996; Paytan et al., 2002). This calculation is based on
the assumptions that Ca concentrations of the solutions
are the same (seawater is �10.3 mmol/kg and estimates
range from 10.5 to 55 mmol/kg for hydrothermal fluid;
Elderfield and Schultz, 1996), the isotopic composition of
seawater is 0& (Hippler et al., 2003), and the effective frac-
tionation factor during barite precipitation is equal to that
for marine pelagic barite. The calculated range of values is
large, �1.28 to �2.36&, and significantly less enriched in
44Ca than the expected end-member value of hydrothermal
fluid (�0.96&; Schmitt et al., 2003a; Amini et al., 2008). It
is possible that either (1) the Ca-isotope composition of the
hydrothermal fluids from which barite precipitates varies
depending on the water-rock ratio, anhydrite precipitation,
or phase separation processes within the hydrothermal
environment (Amini et al., 2008) and/or (2) the assumed
fractionation factor is not the same as for marine barite

and varies depending on the precipitation environment
for the hydrothermal barite. If we assume the isotopic com-
position of hydrothermal fluid is �0.96&, the calculated
fractionation, D44/40Ca, for the measured hydrothermal
barite varies between �2.19 and �3.18&. This is signifi-
cantly different from marine barite, D44/40Ca = �2.01&.

Cold seep barite samples have 87Sr/86Sr values lower
than seawater and marine barite, but higher than hydro-
thermal barite (Table 4). Because cold seep fluids are likely
a mixture of many sources of Ca2+ (e.g. seawater, brines,
carbonates, sulfates, or silicates), it is not possible to deter-
mine precisely the D44/40Ca or isotopic fractionation of
these samples.

3.3. Synthetic barite

Ca-isotopes in synthetic barite, like hydrothermal and
cold seep samples, are more depleted in the heavy Ca-iso-
topes (lower d44/40Ca values), and span a larger range
(�1&) of Ca-isotope compositions than marine barite,
D44/40Ca = �3.42 to �2.40& (Table 2). These values are
isotopically distinct from Holocene marine barite, but over-
lap the range of hydrothermal and cold seep barites that
were measured. Interestingly, the synthetic samples are
not as strongly depleted in 44Ca as predicted by our equilib-
rium model. Thus all of the natural and synthetic barites
appear to show kinetically-controlled Ca-isotope fractiona-
tions resulting in an offset from equilibrium values (Figs. 6
and 8).

In Experiment 1, all conditions were kept near constant
except temperature, which was varied from 5 to 40� C,
resulting in a 15% decrease in saturation index (S.I.) from
3.97 to 3.40. At high saturation states (low temperatures),
the barite was more fractionated from the solution than
at lower saturation states (higher temperatures) (Fig. 9a).
The measured temperature shift corresponds to approxi-
mately +0.02& per �C, or �1& per S.I. unit. If the change
in fractionation is truly a temperature effect, it is similar in
magnitude to (but somewhat smaller than) the equilibrium

Fig. 6. Natural barite results. Error bars are the average
2rmean = 0.14&.

Fig. 7. Holocene marine (pelagic) barite Ca isotopes vs. (a) average temperature in upper 700 m of water column (Conkright et al., 1998) and
(b) depth of coretop (meters below sea level) and approximate pressure at the seafloor (calculated at salinity = 35 and temperature = 0�C).
Error bars are the average 2rmean = 0.14&.
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temperature dependent fractionation, calculated to be
approximately +0.05& per �C. However it is not possible
to identify whether this is a temperature and/or saturation
state effect as these varied together in our experiments.

It appears that an increase in the ratio of aBa2þ=aSO4
2�

or a decrease in the aSO4
2� results in an increase in the frac-

tionation of Ca-isotopes (lower D44/40Ca values), when
comparing Experiments 1B to 2B and Experiment 1A to
2C with all other parameters held nearly constant (Table
2). However, these results do not eliminate the possibility
that these changes are due solely to the variations in
aSO4

2�, since aBa2+ was similar in these experiments.
The ratio of aCa2+/aBa2+ also appears to influence the

isotopic fractionation of Ca2+ incorporated into barite dur-
ing precipitation. Barite in Experiments 1B, 2, and 3 were
precipitated under identical aSO4

2�, aBa2þ=aSO4
2�, tem-

perature, and saturation conditions, but a range of Ca con-
centrations resulting in more than a sevenfold increase in
the ratio of aCa2+/aBa2+ (from 14 to 111). An decrease
in the ratio of aCa2+/aBa2+ (or decrease in aCa2+ with
aBa2+ held constant) resulted in less fractionation of Ca2+

during incorporation into barite (Fig. 9b). However, it is

not possible to identify whether this is an effect due to a
change in Ca concentration or aCa2+/aBa2+. Measuring
the Ca:Ba ratio of the barite samples (Averyt and Paytan,
2003) could give additional insight on the fractionation pro-
cess related to this parameter and to determine if chemical
equilibrium was achieved.

4. DISCUSSION

4.1. Application of predicted equilibrium fractionations

As demonstrated in our theoretical equilibrium fraction-
ation models, barite is expected to be 44Ca-poor relative to
the solutions from which it precipitated, and 44Ca-poor rel-
ative to other minerals such as calcite, aragonite (e.g. Gus-
sone et al., 2005), apatite (Schmitt et al., 2003b), gypsum,
and anhydrite (Hensley, 2006). This is supported by the
measured natural and synthetic samples (Fig. 6). Isotopic
fractionation is also expected to decrease with an increase
in temperature in a system at equilibrium (Bigeleisen and
Mayer, 1947; Urey, 1947) as shown in Fig. 5 for Ca-substi-
tuted barite and calcite.

If the equilibrium isotopic fractionation factor is reason-
ably well described by our theoretical model, none of the
measured barite samples appear to be in isotopic equilib-
rium with calcite, seawater, or plausible hydrothermal
and experimental fluids. We calculate that at 25 �C, the
equilibrium D44/40CaBarite–calcite is �8&. Measured barites
indicate D44/40CaBarite–calcite of approximately �3& ± 1&,
assuming an equilibrium calcite-solution fractionation of
0& (Fantle and DePaolo, 2007), or D44/40CaBarite–calcite of
approximately �1.5& ± 2&, assuming an equilibrium cal-
cite-solution fractionation of �1.5& (Lemarchand et al.,
2004). Although the measured fractionations have the same
sign as the theoretical model, i.e. barites have lower
d44/40Ca values than the solutions from which they precip-
itate, the implied magnitude of D44/40CaBarite–calcite is much
less than that predicted by our theoretical equilibrium model.

This could be explained using a model of Ca-isotope
fractionation originally constructed to explain fractionation
in inorganic calcite by Lemarchand et al. (2004). In their
model, kinetic processes increase the amount of Ca2+ pre-
cipitated in the crystal outside of an ‘‘equilibrium zone”

Fig. 8. Synthetic barite results. D44/40CaBarite-solution vs. Saturation
Index (S.I.). Symbols include Experiment 1 (circles), Experiment 2
and 3 (diamonds), Experiment 4 (triangle), and Experiment 5
(squares). Error bars are the average uncertainty = 0.30& for the
experiments.

Fig. 9. D44/40CaBarite-solution of synthetic barite in permil vs. (a) temperature for Experiment 1 (circles) and (b) aCa2+/aBa2+ for Experiments
1B (circles), 2 and 3 (diamonds). Error bars are the average uncertainty = 0.30& for the experiments.
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(where the crystal surface is in isotopic equilibrium with the
solution), decreasing the observed fractionation relative to
the equilibrium effect. In their experiments, the dominant ki-
netic process was related to oversaturation of a region of the
crystal surface-solution boundary layer. The resulting isoto-
pic shifts were interpreted to be a mixture of the equilibrium
isotope value with the bulk isotopic composition of the solu-
tion (Lemarchand et al., 2004). Similarly, the direction of
Ca-isotope fractionation in natural and synthetic barites
measured in this study appears to be governed by equilib-
rium isotope fractionation (calculated by the theoretical
model) that is influenced to various degrees by one or more
kinetic processes under different precipitation conditions.

During barite precipitation, several processes control
trace metal incorporation and distribution in the crystal
structure, which collectively appear to affect the observed
Ca-isotope fractionation. Kowacz et al. (2007) showed that
growth modes and rates of barite precipitation change as
the cation/anion activity ratio (aBa2þ=aSO4

2�) changes,
potentially influencing Ca-isotope fractionation. Because
Ca is a trace component of barite, parameters affecting
Ca2+ substitution for Ba2+, such as aCa2+/aBa2+, also
may be quite important, although this is not a major con-
sideration for Ca-isotope fractionation during precipitation
of a mineral in which Ca2+ is the major cation, e.g. calcite
or aragonite. These processes will be discussed further in
the following sections.

4.2. Interpreting observed fractionations, D44/40Ca in barite

4.2.1. Fractionations, D44/40Ca in natural samples

The general observation is that Ca-isotopes in marine pe-
lagic barite are less fractionated from their parent solution
(seawater) than other natural barite samples (and synthetic
barite samples). Marine barite precipitates within microen-
vironments in seawater with low saturation states (satura-
tion below or near equilibrium, S.I. � 0; Monnin et al.,
1999; Monnin and Cividini, 2006) and seemingly slow pre-
cipitation rates (Ganeshram et al., 2003). This is in contrast
to the conditions within fluids from which other natural bar-
ites most likely precipitate, which have Ba concentrations
much higher than seawater (Elderfield and Schultz, 1996).
Without knowing the precise precipitation rate, we can only
infer that the precipitation rate of marine barite is less than
that of other natural barites and synthetic barite samples in
this study. These results therefore suggest a positive rate
dependence of Ca-isotope fractionation when comparing
marine barite to the other measured barite samples, such
that increased Ca fractionation occurs at higher precipita-
tion rates. These results imply that kinetic isotope effects re-
lated to precipitation rate are less pronounced in marine
barite than in the other barite samples. Therefore marine
barite could actually have less kinetic isotope effects than
the other measured samples even though its isotope ratio
is further from the calculated equilibrium value.

The precise relationship between Ca-isotope fraction-
ation in barite and precipitation rate appears to be more
complicated when considering all inferred rate-relationships
(e.g. between marine barite and synthetic barite or between
synthetic barites). This is not surprising given recent results

suggesting a complex relationship between Ca-isotope frac-
tionation and precipitation rate in CaCO3 (Fantle and
DePaolo, 2007; Tang et al., 2008).

Marine barite does not appear to be as strongly affected
by other kinetic processes that fractionate Ca2+ during
incorporation as the other natural and synthetic barites
measured in this study (see discussion in following section).
Most important for paleoceanographic applications,
Ca-isotope fractionation in marine barite is not measurably
affected by the range of environmental conditions in the
modern ocean measured in this study including temperature
(1–14 �C), salinity (34.2–34.9), water column barite satura-
tion (X = 0.6-1.2), carbonate concentration (86–126 lmol/
kg), dissolved oxygen concentration (1–6 ml/L) or sedimen-
tation and barite accumulation rates (1.7–2.7 cm/kyr,
0.1–2.3 lg/cm2/yr, respectively).

4.2.2. Fractionations, D44/40Ca in synthetic barite

If the measured D44/40Ca (and a) was constant in our
experiments, then it could be interpreted as the equilibrium
fractionation factor without any measurable kinetic effects.
However, when comparing the isotopic composition of bar-
ite precipitated at room temperature to the isotopic compo-
sition of dissolved Ca2+ in the precipitation solution, the
experiments do not all fall on a constant fractionation line
(Fig. 10). Differences in D44/40Ca (and a) between precipita-
tion experiments likely result from kinetic isotope effects
including saturation state effects related to precipitation
rate as described in the previous section.

Similar to published inorganic calcite precipitation
experiments (Lemarchand et al., 2004), our results show
that the dominant controlling parameter for fractionation
of Ca-isotopes is not only the degree of supersaturation
(Fig. 8), but also other physicochemical conditions during
precipitation (e.g. temperature, elemental concentrations).

Fig. 10. Synthetic barite results for room temperature experiments.
Isotopic composition of precipitated barite versus the isotopic
composition of dissolved Ca2+ in the precipitation solution.
Symbols include Experiment 1 (circles), Experiment 2 and 3
(diamonds), Experiment 4 (triangle), and Experiment 5 (squares).
Hypothetical fractionation factors between solid (barite) and
solution (asolid-solution) are given and plotted (gray lines). Error
bars are the average 2rmean = 0.23& for the experiments.
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All experiments were preformed with [SO4
2�] in excess

with respect to [Ba2+] because this is most similar to natural
conditions in the modern ocean. When [SO4

2�] is in excess
with respect to [Ba2+], it is thought that desolvation of the
cation (Ba2+ or Ca2+) at the crystal surface is the rate lim-
iting kinetic process for two-dimensional nucleation and
crystal growth (for solutions with S.I. between 0.86 and
1.1; Kowacz et al., 2007). If this holds for our experiments
(with S.I. = 2.30–3.97), then aBa2+ and the ratio of
aBa2þ=SO4

2� should influence crystal nucleation and
growth in addition to the saturation state. This suggests
that an increase in nucleation and/or growth rate of precip-
itating barite caused by an increase in the ratio of
aBa2þ=SO4

2� can increase the Ca-isotope fractionation in
barite.

Our results support this hypothesis. There is a positive
relationship between the degree of Ca-isotope fractionation
and parameters that control precipitation mechanisms and/
or rate, such as the saturation state and aBa2þ=aSO4

2�, indi-
cating that these factors likely control kinetic isotope effects.
In contrast, Holocene marine barite samples have a constant
offset from seawater and are not affected, within current ana-
lytical precision, by any known environmental factors.

The relative abundance of Ba2+ and Ca2+ in the precip-
itation solution could also contribute to the observed frac-
tionation effects. The ratio of aCa2+/aBa2+ could influence
the diffusive transport of Ca2+ in the vicinity of the crystal/
solution interface or within the first layers of the growing
crystal. In our experiments, a positive relationship is found
between aCa2+/aBa2+ and the degree of Ca-isotope frac-
tionation such that an increase in the relative abundance
of Ca to Ba results in increased fractionation between Ca
in barite and that in the bulk solution. This could occur be-
cause of (1) increased influence of the differences in the dif-
fusive transport rate of 40Ca relative to 44Ca at higher
aCa2+/aBa2+ or, alternatively, (2) decreased influence of
differences in the diffusive transport of 40Ca relative to
44Ca at higher aCa2+/aBa2+ which allows the precipitated
barite to approach closer to equilibrium isotope values
(lower values). These experiments cannot differentiate be-
tween these two hypotheses.

5. CONCLUSION

Holocene marine barite samples from oxic, non-sulfate-
reducing pelagic sediments in the major ocean basins are
isotopically homogenous (d44/40Ca = �2.01 ± 0.15&) and
distinct from other types of barite (d44/40Ca = �4.13 to
�2.72&). Thus the Ca-isotope composition of pristine mar-
ine (pelagic) barite is a promising recorder of seawater Ca-
isotope composition through time, with a constant offset
from seawater of �2.01 ± 0.15&. Laboratory precipitated
(synthetic) barite samples, like hydrothermal and cold seep
samples, are more depleted in the heavy Ca-isotopes than
marine barite and span a large range of Ca-isotope compo-
sitions, D44/40Ca = �3.42 to �2.40&.

First-principles lattice dynamical models predict that
barite will have much lower 44Ca/40Ca in equilibrium with
calcite, by � 9& at 0 �C and �8& at 25 �C. If the equilib-
rium isotopic fractionation factor is best described by this

model, none of the measured barite samples appear to be
in isotopic equilibrium with calcite. Although the measured
results have the same sign as the theoretical model, the
magnitude of Ca-isotope fractionation is less in our mea-
sured samples compared to the theoretical equilibrium
model. It seems that kinetic fractionation processes must
therefore control the extent to which the mineral equilib-
rium fractionation is exhibited under the precipitation con-
ditions for the measured samples. Potential fractionation
mechanisms include processes influencing Ca-substitution
for barium in barite, nucleation, and crystal growth. When
appropriate experiments were compared to isolate specific
parameters that may impact the D44/40Ca (e.g. temperature,
saturation state, aBa2þ=aSO4

2�, and aCa2+/aBa2+), our re-
sults indicate that factors related to precipitation mecha-
nisms and rate can affect the fractionation of Ca-isotopes
in barite. Further work is needed to understand these rela-
tionships and associated kinetic isotope effects.

This study highlights the importance of considering var-
ious physicochemical influences (other than temperature)
on the degree of minor or trace cation isotopic fraction-
ation in inorganic and biogenic minerals (e.g. d88/86Sr and
d26/24Mg in CaCO3) and the need to develop theoretical ap-
proaches/methods to calculate solution-solid fractionation
factors which might be important when comparing frac-
tionation factors between different minerals.
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Bakó I., Hutter J. and Palinkas G. (2002) Car-Parrinello molecular
dynamics simulation of the hydrated calcium ion. J. Chem.

Phys. 117, 9838–9843.

5656 E.M. Griffith et al. / Geochimica et Cosmochimica Acta 72 (2008) 5641–5658



Author's personal copy

Bigeleisen J. and Mayer M. G. (1947) Calculation of equilibrium
constants for isotopic exchange reactions. J. Chem. Phys. 15,

261–267.

Bishop J. K. B. (1988) The barite-opal-organic carbon association
in oceanic particulate matter. Nature 311, 341–343.

Broecker W. S. and Peng T. -H. (1982) Tracers in the Sea. Lamont-
Doherty Geologic Observatory.

Bruneval F., Donadio D. and Parrinello M. (2007) Molecular
dynamics study of the solvation of calcium carbonate in water.
J. Phys. Chem. B 111, 12219–12227.

Bullen T. D., Krabbenhoft D. and Kendall C. (1996) Kinetic and
mineralogic controls on the evolution of groundwater chemistry
and 87Sr/86Sr in a sandy silicate aquifer, northern Wisconsin.
Geochim. Cosmochim. Acta 60, 1807–1821.

Chow T. J. and Goldberg E. D. (1960) On the marine geochemistry
of barium. Geochim. Cosmochim. Acta 20, 192–198.

Church T. M. (1970) Marine barite. Ph.D. thesis, University of
California, San Diego.

Conkright M. E., Levitus S., O’Brien T., Boyer T. P., Antonov J. I.
and Stephens C. (1998) World Ocean Atlas 1998 CD-ROM
Data Set Documentation. In Tech. Rep. 15, pp. 16. NODC
Internal Report.

Cowley E. R. and Pant A. K. (1973) Lattice dynamics of calcite.
Phys. Rev. B 8, 4795–4800.

Criss R. E. (1999) Principles of stable isotope distribution. Oxford
University Press.

Dawson P., Hargreave M. M. and Wilkinson G. R. (1977)
Polarized I. R. reflection, absorption, and laser Raman studies
on a single crystal of BaSO4. Spectrochim. Acta 35A, 83–93.

De La Rocha C. L. and DePaolo D. J. (2000) Isotopic evidence for
variations in the marine calcium cycle over the Cenozoic.
Science 289, 1176–1178.

Dehairs F., Chesselet R. and Jedwab J. (1980) Discrete suspended
particles of barite and the barium cycle in the open ocean. Earth

Planet. Sci. Lett. 49, 528–550.

Eagle M., Paytan A., Arrigo K. R., Dijken G. v. and Murray
R. W. (2003) A comparison between excess barium and
barite as indicators of carbon export. Paleoceanography 18(1),

1021:1-13.

Elderfield H. and Schultz A. (1996) Mid-ocean ridge hydrothermal
fluxes and the chemical composition of the ocean. Annu. Rev.

Earth Planet. Sci. 24, 191–224.

Fantle M. S. and DePaolo D. J. (2005) Variations in the marine Ca
cycle over the past 20 million years. Earth Planet. Sci. Lett. 237,

102–117.

Fantle M. S. and DePaolo D. J. (2007) Ca isotopes in carbonate
sediment and pore fluid from ODP Site 807A: the Ca2+(aq)-
calcite equilibrium fractionation factor and calcite recrystalli-
zation rates in Pleistocene sediments. Geochim. Cosmochim.

Acta 71, 2524–2546.
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