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Abstract

The mineral barite (BaSO4) accommodates strontium (Sr) in its crystal structure, providing an archive of Sr-isotopes
(87Sr/86Sr and d88/86Sr) in the highly stable sulfate mineral. We investigated mass dependent stable Sr-isotope fractionation
(D88/86Sr = d88/86Srsolid � d88/86Srsolution) during inorganic precipitation of barite from a barium-rich solution by addition
of sulfate under controlled conditions and compared this to equilibrium isotopic fractionation calculated using Density Func-
tional Theory modeling. Sr-substituted barite is predicted to have lower 88Sr/86Sr than any other studied species, and at 25 �C
will be about 0.6–0.7& lower than the two modeled Sr(H2O)8

2+-bearing salts that could approximate aqueous Sr2+. This
agrees in direction and order of magnitude with experimental results that estimate equilibrium Sr-isotope fractionation in bar-
ite to be 0.3& lower than aqueous Sr2+ at �20 �C. The high ionic strength of some of the precipitating solutions (up to 1 M)
and potential differences in the average coordination number of aqueous Sr2+ add to uncertainty in a direct comparison of the
calculated equilibrium isotopic fractionation values with the experimental results.

Stable Sr-isotope fractionation varied along with the distribution coefficient of Sr [Kd(Sr) = [Sr/Ba]barite/[Sr/Ba]solution],
which is a function of both temperature and barite saturation state. However the relationship between mass dependent iso-
topic fractionation and Kd(Sr) is different for conditions of changing temperature versus barite saturation state. With increas-
ing temperature (from 5 to 40 �C), the barite phase became isotopically lighter (D88/86Sr = �0.29& to �0.41&). Conversely,
with increasing saturation state (saturation index of barite = 3.0–4.3) the barite phase became isotopically heavier (D88/

86Sr = �0.25& to �0.10&). These observations suggest chemical kinetic effects control isotopic fractionation rather than
equilibrium temperature effects. The relationship with saturation state indicates the potential presence of a diffusive boundary
layer. Barite crystal morphology appears to be affected by the diffusion rate of solute (sulfate) to the growing crystal surface
relative to the overall growth rate of barite crystals during precipitation.
� 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The controls on mass dependent stable strontium (Sr)
isotopic fractionation during barite (BaSO4) precipitation

were investigated to highlight potential isotopic and ele-
mental fractionation mechanisms during trace element
incorporation. This was done by precipitating barite in
the laboratory from solution under various conditions
(solution Sr/Ba, temperature, and saturation state) that
may influence equilibrium and/or kinetic mass dependent
stable Sr-isotope fractionation. Results from the experi-
ments are compared with theoretical estimates of
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equilibrium mass dependent stable Sr-isotope fractionation
from Density Functional Theory (DFT) and their depen-
dence on temperature and mineralogy including Sr coordi-
nation—this study being the first comprehensive theoretical
study of Sr-isotopes relevant to natural aqueous species and
precipitates.

Strontium has four naturally occurring stable isotopes:
84Sr, 86Sr, 87Sr, and 88Sr with relative abundances of
0.56%, 9.86%, 7.00%, and 82.58%, respectively. 87Sr forms
as the result of radioactive decay of rubidium-87 (87Rb).
Strontium is distributed as a trace element in sedimentary
minerals (e.g., sulfates, silicates and carbonates). In radio-
genic Sr-isotope studies, the isotopic ratio of stable
88Sr/86Sr is assumed to be constant and is used to correct
for instrument and laboratory induced mass dependent
fractionation during the measurement of 87Sr/86Sr. How-
ever, recent work using external corrections for the mass
fractionation effect during measurement has revealed signif-
icant mass dependent isotopic fractionation of stable Sr-
isotopes. Variations are seen in many types of natural
samples such as marine carbonates, soils, rocks, plants,
hydrothermal fluids, and river waters (Fietzke and
Eisenhauer, 2006; Ohno and Hirata, 2007; Halicz et al.,
2008; Rüggeberg et al., 2008; Krabbenhöft et al., 2009,
2010; de Souza et al., 2010; Knudson et al., 2010; Böhm
et al., 2012; Raddatz et al., 2013; Stevenson et al., 2014;
Vollstaedt et al., 2014).

Stable Sr-isotope fractionation mechanisms during ara-
gonite and calcite precipitation have been investigated in
the most detail to date (e.g., Fietzke and Eisenhauer, 2006;
Böhm et al., 2012). Fietzke and Eisenhauer (2006) found
two different temperature dependent Sr-isotope fraction-
ation trends during the precipitation of biogenic and inor-
ganic aragonite, which they suggested to be kinetic isotopic
fractionation dependent on the relative mass differences
between 88Sr and 86Sr and the presence or absence of Sr2+-
aquocomplexes. Natural coral samples (Pavona clavus)
exhibited a strong temperature dependence of 0.033&/�C
between 23 and 27 �C while the temperature dependent isoto-
pic fractionation of experimentally precipitated inorganic
aragonite was only 0.0054&/�C between 10 and 50 �C. Since
kinetic isotopic fractionation is inversely correlated with
mass, the stronger temperature dependence of the modern
coral samples was interpreted as kinetic isotopic fraction-
ation of pure Sr2+ ions (lower mass) whereas the inorganic
aragonite had less significant temperature-dependent kinetic
isotopic fractionation due to the influence of heavier Sr2+-
aquocomplexes (Fietzke and Eisenhauer, 2006).

Böhm et al. (2012) found that Sr-isotope fractionation in
inorganic calcite during their precipitation experiments was
predominantly controlled by precipitation rate. Larger
mass dependent stable isotopic fractionation occurred at
higher precipitation rates and no significant fractionation
was seen at very low rates. This kinetic fractionation behav-
ior probably involves chemical kinetic fractionation of
hydrated Sr2+ ions, i.e., preferential desolvation of isotopi-
cally light Sr2+ (Böhm et al., 2012). Furthermore, using
their calcite precipitation experiments at constant tempera-
ture and initial (Sr/Ca)aq they estimated that equilibrium
Sr-isotope fractionation between inorganic calcite and

aqueous Sr2+ is very close to zero, similar to the equilibrium
Ca isotopic fractionation between inorganic calcite and
aqueous Ca2+ proposed by Fantle and DePaolo (2007).
Two samples of inorganic calcite precipitated in veins dur-
ing low temperature alteration of ocean crust basalt at very
low precipitation rates confirmed this observation (Böhm
et al., 2012). Therefore, it appears that measurable mass
dependent Sr-isotope fractionation during carbonate
crystal formation in most natural environments is likely a
process occurring at the surface of the crystal under non-
equilibrium conditions. Stevenson et al. (2014) found a
similar trend in cultured coccolithophores of increasing dis-
crimination against the heavier Sr-isotopes with increasing
growth rate, which is controlled by temperature.

Earlier work by Ohno and Hirata (2007) suggested that
the magnitude of Sr-isotope fractionation between carbon-
ates and aqueous Sr2+ (0.1&/amu) could be explained by
isotopic fractionation under equilibrium conditions because
it is 4-times smaller than that seen for Ca (DePaolo, 2004).
Alternatively this could be explained by similar kinetic
mechanisms affecting both Ca and Sr-isotope fractionation
in carbonates as Böhm et al. (2012) suggested.

Barium is an alkaline earth metal, which is chemically
similar to strontium. Barium forms a divalent cation
(Ba2+) with an ionic radius of 1.35 Å in 6-fold coordina-
tion, slightly larger than 1.21 Å for strontium (Sr2+)
(Krauskopf, 1979). Barite can be used to study Sr-isotope
systematics because Sr2+ can readily substitute for Ba2+

in barite and the resulting high affinity of Sr in barite
(�10,000 ppm Sr; Averyt et al., 2003). Studying mass
dependent isotopic fractionation of Sr in barite could also
be a useful tool to predict what stable isotope fractionation
mechanisms are important in controlling similar isotopic
systems such as calcium and magnesium.

We present results of stable Sr-isotope fractionation of
laboratory precipitated barite and theoretical estimates of
equilibrium Sr-isotope fractionation to elucidate the mech-
anisms that control isotopic fractionation under conditions
similar to those in modern continental settings where barite
precipitates from Ba-rich fluids (e.g., Younger, 1986; Senko
et al., 2004; Bonny and Jones, 2007). This knowledge will
inform and constrain future work on stable Sr-isotope frac-
tionation in natural biologically-influenced barite
precipitation.

2. NOTATIONS AND METHODS

2.1. Notation

The Sr-isotope composition of a sample is expressed as
the deviation from a standard value, using d-notation in
per mil (&):

d88=86Sr¼ 88Sr=86Srsample�88 Sr=86Srstandard

� �
=

88Sr=86Srstandard

h i

� 1000

ð1Þ

where 88Sr/86Srsample refers to the 88Sr/86Sr isotopic ratio of
the sample and 88Sr/86Srstandard refers to the 88Sr/86Sr isoto-
pic ratio of SRM 987 (Fietzke and Eisenhauer, 2006).
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