
On the Direction and Magnitude of Oxygen

Isotope Fractionation Between Calcite

and Aragonite at Thermodynamic Equilibrium

GEN-TAO ZHOU and YONG-FEI ZHENG*
CAS Kay Laboratory of Crust-Mantle Materials and Environments, School of Earth and Space

Sciences, University of Science and Technology of China, Hefei 230026, China

(Received 8 June 2005; accepted 7 December 2005)

Abstract. Oxygen isotope fractionation factors between calcium carbonates and water have been

applied to ancient marine geochemistry principally for the purpose of geothermometry. The

problem was encountered, however, with respect to the direction and magnitude of oxygen

isotope fractionation between calcite and aragonite at thermodynamic equilibrium. This basically

involves sound understanding of both thermodynamics and kinetics of oxygen isotope

fractionation between inorganically precipitated carbonate and water at low temperatures. Thus

the crucial issues are to acknowledge the processes of chemical reaction and isotopic exchange

during precipitation of CaCO3 minerals in solution, the kinetic mechanism of isotope equilibrium

or disequilibrium, the effect of polymorphic transition from metastable aragonite to stable calcite

under hydrous or anhydrous conditions, and the presence or absence of isotope salt effect on

oxygen isotope exchange between carbonate and water in response to the hydrous or anhydrous

conditions at thermodynamic equilibrium. Because good agreements exist in carbonate–water

oxygen isotope fractionation factors between theoretical calculations and experimental deter-

minations, it is encouraging to applying the thermodynamic and kinetic data to isotopic

paleothermometry and geochemical tracing.

Key words: calcium carbonate, experimental determination, fractionation factor, kinetic

mechanism, oxygen isotope, theoretical calculation, thermodynamic equilibrium

1. Introduction

Calcium carbonate is one of the most important minerals in reconstructing
paleoclimate and paleoenvironment by means of oxygen isotope analysis. A
large number of data has been accumulated for oxygen isotope fractionation
in CaCO3–H2O systems since the classic work of Urey (1947) that laid out the
theoretical basis of isotopic fractionation in the carbonate. Since the pio-
neering study of McCrea (1950) to calibrate the oxygen isotope geother-
mometer involving calcium carbonates, a great number of laboratory
experiments, empirical estimates and theoretical calculations have been
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performed in the last five decades. It has been the general consensus that the
carbonates are enriched in 18O relative to H2O but depleted in 18O relative to
the dissolved CO2 at thermodynamic equilibrium; oxygen isotope fraction-
ation among crystalline carbonates is principally determined by structural
and cationic effects (e.g., O’Neil et al., 1969; Tarutani et al., 1969; Zheng,
1999). New experimental data for oxygen isotope fractionations involving
dolomite (Schmidt et al., 2005; Vasconcelos et al., 2005), calcite (Zhou and
Zheng, 2005), aragonite (Zhou and Zheng, 2003) and cerussite (Melchiorrer
et al., 2001) have not only testified the theoretical calculations of Zheng
(1999), but also shed light on the assumptions used in modifying the incre-
ment method.

However, there are still discrepancies among theoretical calculations,
experimental measurements, and natural observations of oxygen isotope
fractionation factors between two CaCO3 polymorphs, calcite and aragonite
(e.g., Kim and O’Neil, 1997; Zhou and Zheng, 2003). In particular, the
direction and magnitude of oxygen isotope fractionation involving calcium
carbonates at thermodynamic equilibrium has been controversial for a long
time because there are significantly unresolved conflicts between the results of
theoretical calculation, experimental measurement and empirical estimate.
These issues have great bearing on the confidence of paleoclimatic recon-
struction by means of isotope geothermometry. Thus there is no doubt about
the importance in resolving the direction and magnitude of equilibrium
oxygen isotope fractionation between calcite and aragonite. In doing so, we
also need to take into account both kinetic mechanism of oxygen isotope
exchange and equilibrium and effect of solution chemistry in carbonate
syntheses. This review attempts to address these issues by point to point.

2. Disagreements in the literature data

It is well known that there are considerable disagreements in the aragonite–
calcite–water fractionations from the literature data. As shown in Figure 1
(lines 1 and 2), the slow precipitation experimental results from Ca(HCO3)2
solutions show that the oxygen isotope fractionations concerning calcite by
Kim and O’Neil (1997) are very close to those concerning the aragonite and
aragonite–calcite mixtures by McCrea (1950). The calcite–water fractiona-
tions determined by Tarutani et al. (1969) and Jimenez-Lopez et al. (2001) at
0 �C are indistinguishable from each other (not shown in Figure 1), but
slightly greater than that by McCrea (1950) concerning the aragonite and
aragonite–calcite mixtures. The experimental determination of Kim and
O’Neil (1997) on the calcite–water system at low temperatures is consistent
with the experimental calibration of McCrea (1950) concerning the aragonite
and aragonite–calcite mixtures. It remains to resolve why these coincidences
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occur in the experimental results concerning the different polymorphs of
calcium carbonate.

Kim and O’Neil (1997) assumed that calcite in their experiments is
primary rather than secondary by polymorphic transition from aragonite.
The cited evidence is that the larger (10–15 lm) rhombs were obtained
without the coexistence of aragonite and calcite in their synthesized samples.
It appears that such evidence is faint because the initial aragonite could have
all been transformed by the rapid process of dissolution–reprecipitation to
calcite in the final product. If aragonite would isotopically behave unlike
calcite, a possible explanation is that the low-temperature runs of Kim and
O’Neil (1997) could originally precipitate as aragonite that would subse-
quently convert to calcite by the mechanism of dissolution–reprecipitation to
approach oxygen isotope reequilibration with water. In this regard, the

Figure 1. A comparison of oxygen isotope fractionation factors for the CaCO3–H2O

systems between experimental determination and theoretical calculation. The experimental

data are after McCrea (1950) for aragonite–calcite mixture, O’Neil et al. (1969), Tarutani

et al. (1969), Kim and O’Neil (1997), and Zhou and Zheng (2005) for calcite, and Zhou

and Zheng (2003) for aragonite. The theoretical data are after Zheng (1999) for aragonite

and this study for a revised calculation of average calcite (delete the correction for calcite/

water interaction).
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metastable aragonite was suspected by Zhou and Zheng (2003) to precipitate
at first from aqueous solutions in the infancy of CaCO3 crystallization, but it
achieves the isotopic equilibrium with water via the mechanism of dissolu-
tion–reprecipitation at low temperatures. This is a point now has been
confirmed by an experimental study of Zhou and Zheng (2005).

From their hydrothermal experiments at 500 �C and 1–20 kbar Clayton
et al. (1975) did not observe measurable effect on oxygen isotope fraction-
ation between CaCO3 and H2O that was expected to occur due to calcite–
aragonite phase change between 11 and 13 kbar. As listed in Table 4 of Kim
and O’Neil (1997) for oxygen isotope data concerning pure vaterite and
vaterite–calcite mixture that were synthesized at 25 and 40 �C, negligible
fractionations were observed between the pure vaterite and the vaterite–
calcite mixture. Similarly, no oxygen isotope inheritance occurs during
polymorph transition if the process of dissolution–reprecipitation was
involved in such kinds of experiments (Zhou and Zheng, 2005).

3. Direction of calcite–aragonite fractionation

At present there are two contrasting views concerning the direction of
equilibrium oxygen isotope fractionation between calcite and aragonite. On
one hand, the precipitation experiments of Tarutani et al. (1969) and the
natural observations of Sommer and Rye (1978) as well as Grossman and Ku
(1986) suggested that calcite is depleted in 18O relative to aragonite. On the
other hand, the natural observations of Epstein et al. (1953), Behrens and
Land (1972) as well as Horibe and Oba (1972) show that calcite is enriched in
18O relative to aragonite.

The equilibrium isotope partitioning between mineral and fluid can vary
with the chemical composition and bond character of the mineral. Vibra-
tional behavior of carbonate ions is influenced by the structure of crystal
lattice and the numbers of atomic coordination. The effects of isotope
fractionation are principally caused by the thermodynamic (vibrational)
behavior of the C–O bonds in the carbonate ion ([CO3]

2)).The denser
aragonite lattice with its [9]Ca[3]C[4]O3 coordination enhances the fraction-
ation of oxygen isotopes compared to calcite ([6]Ca[3]C[3]O3 coordination).
According to the electrostatic potentials of oxygen sites in the CaCO3

polymorphs, Smyth (1989) predicted that calcite is enriched in 18O relative to
aragonite at isotopic equilibrium. This prediction is reasonably valid because
the mass of divalent cation Ca2+ is the same for both calcite and aragonite.
Following the principle of the increment method (Schuetze, 1980; Zheng,
1991, 1993a, b), the relatively denser aragonite was quantitatively predicted
to be depleted in 18O relative to the less dense calcite at thermodynamic
equilibrium (Zheng, 1999).
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The increment method calculating oxygen isotopic fractionation in solid
minerals has been established as a function of statistico-mechanical and
crystal structural effects. It was primarily developed by Schuetze (1980) but
significantly modified by Zheng (1991, 1993a, b). It focuses on individual
bonds of cation-oxygen, the relative strengths of which are given by integral
ionic charges and bond-lengths determined from ionic radii. Cation mass is
included in a form appropriate for diatomic molecules. Because the effects of
both bond strength and cation mass on isotopic substitution have been taken
into account, oxygen isotope fractionation in minerals is calculated as it
moves away in increments from a reference mineral. According to the prin-
ciple of the increment method, the degree of 18O-enrichment in a mineral can
be quantified by the oxygen isotope index (I)18O) of the mineral relative to
that of a reference mineral.

In principle, the greater the I)18O index of a mineral, the richer in 18O the
mineral. Calcium carbonates are composed of Ca, C and O ions with the
same masses for both aragonite and calcite. Thus the difference in I–18O
index between aragonite and calcite depends primarily on the relative
strengths of cation-oxygen bonds. As calculated by Zheng (1999), aragonite
and calcite have I–18O indices of 0.9296 and 1.0000, respectively. Thus
aragonite is depleted in 18O relative to calcite at thermodynamic equilibrium.
The observed difference in Ca isotope fractionation between calcite and
aragonite is also explained by different Ca–O bond strengths in the two
polymorphs of calcium carbonate (Gussone et al., 2005). The Ca–O bonds
are about 60% stronger in the calcite structure than in aragonite (Zheng,
1999). Therefore, calcite is predicted to enrich in 44Ca relative to aragonite at
thermodynamic equilibrium. This prediction matches the observation of
Gussone et al. (2005) for less fractionated, isotopically heavier Ca isotopes in
calcite compared to aragonite.

It merits to point out that the increment calculations also predict a
considerable difference in oxygen isotope fractionation between the minerals
of calcite group and aragonite group (Zheng, 1999), with the calcite group
being systematically enriched in 18O relative to the aragonite group at iso-
topic equilibrium. The same sequence of 18O-enrichment was obtained from
the hydrothermal experiments of O’Neil et al. (1969) for calcite, strontianite
and witherite. Tarutani et al. (1969) investigated the effect of magnesium
substitution on oxygen isotope fractionation between CaCO3 and H2O at
25 �C and found that 18O concentrates in magnesium calcite. This is con-
cordant with the theoretical prediction that magnesite is enriched in 18O
relative to calcite (Zheng, 1999). The effect of cation mass and radius on
oxygen isotope fractionation between carbonate minerals is only valid within
the same group of crystal structure.
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The low-T synthesis experiments of Zhou and Zheng (2003, 2005) have
provided two independent equations of oxygen isotope fractionation between
aragonite, calcite and water at 0–70 �C (lines 4 and 5 in Figure 1):

103 ln aCc�W ¼ 18:21� 103=T� 32:72 ð1Þ

103 ln aArg�W ¼ 20:44� 103=T� 41:48 ð2Þ

A combination of Equations (1) and (2) yields a fractionation equation for
the calcite–aragonite system at 0 to 70 �C:

103 ln aCc�Arg ¼ �2:23� 103=Tþ 8:76 ð3Þ

As illustrated in Figure 2, the equilibrium calcite–aragonite fractionations
are 0.60– 2:26& at 0–70 �C and thus positive in any case. In this regard, the
coexisting calcite–aragonite pairs showing negative fractionations would be
simply assemblages in isotope disequilibrium.

Figure 2. Experimentally determined oxygen isotope fractionation factors between calcite

and aragonite and dolomite and calcite. The curve for the calcite–aragonite system is

obtained by simply combining the data of Zhou and Zheng (2005) for the calcite–water

system with those Zhou and Zheng (2003) for the aragonite–water system. The curve for

the dolomite–calcite system is calculated by simply combining the hydrothermal data of

Zhou and Zheng (2005) for the calcite–water system with the microbial data of Vascon-

delos et al. (2005) for the dolomite–water system. A linear regression is used to fit the

experimental data of Vascondelos et al. (2005) into the form of 103 ln a ¼
18:02� 103=T� 29:38.
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A further example can be found in the hydrothermal experiments of
O’Neil et al. (1969) on the oxygen isotope fractionation between CaCO3 and
H2O. An extrapolated equilibrium fractionation is 18:66� 0:67& ð1rÞ at
100 �C when a natural calcite was used as starting material1. This value is
greater than a fractionation of 16:89� 0:20& ð1rÞ at the same temperature
obtained by using a reagent aragonite as starting material. This indicates that
calcite was enriched in 18O relative to aragonite although potentially larger
errors might be associated with their exchange experiments because of low
exchange percentages (26% versus 77%). Their other three sets of run with a
reagent calcite as a starting material gave two fractionations of
17:98� 0:56& and 17:04� 0:47& at 103 �C, and one fractionation of
17:60� 0:44& at 108 �C. These are greater than, or equal to, the fraction-
ation of 16:89� 0:2& derived from the aragonite reagent despite the 3–8 �C
higher exchange temperature. It is well established that equilibrium oxygen
isotope fractionations between carbonate mineral and water decease with
increasing temperature. The observation that the calcite–reagent fractiona-
tions of higher temperatures are still not lower than that with the aragonite
reagent suggests that aragonite was not enriched in 18O relative to calcite
despite the low exchange fractions of 27–38%. Therefore, this lends support
to the contention that the calcite–aragonite fractionation at thermodynamic
equilibrium is positive rather than negative.

4. Magnitude of calcite–aragonite fractionation

With respect to the theoretical magnitude of oxygen isotope fractionation
between calcite and aragonite at thermodynamic equilibrium, it is important
to take into account the isotopic salt effect of dissolved minerals in aqueous
solutions that is different between calcite and other minerals (Hu and
Clayton, 2003; Cole et al., 2004). The isotope salt effect normally refers to the
influence of mineral dissolution in water on isotope fractionations between
mineral and water. Thermodynamically, the isotope ratios of a crystalline
mineral may differ from those of its dissolved one in aqueous fluids because
of the differential partition of isotopes between the two states of phase.
Mineral solubility in aqueous systems is dictated by surface reactions
between mineral and fluid. The presence of dissolved salts (e.g., NaCl and
CaCl2) can exert significant influences on the mineral solubility in aqueous
fluids, so that the isotope salt effect of NaCl is a common example that affects
the isotope fractionations between mineral and water in hydrothermal
experiments of natural and artificial laboratory (e.g., Taube, 1954; O’Neil
and Truesdell, 1991; Shmulovich et al., 1999; Driesner and Seward, 2000).

The size of the isotope salt effect for a mineral–water system depends on
how much the mineral becomes dissolved in the aqueous fluid during the
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isotope exchange between mineral and water. This is essentially determined
by the quantitative difference in mineral solubility between pure water and
the aqueous fluid containing the dissolved mineral. It turns out that this
difference quantitatively affects the isotope fractionation between the mineral
and water because of the presence of dissolved mineral in the mineral–water
system. If a dissolved mineral itself has a measurable isotope salt effect, the
observed isotope fractionations between the mineral and water in the
mineral–solute–water system is a combination of the isotope salt effect with a
real fractionation between the minerals and the pure water. The net contri-
bution to the isotope salt effect is produced by the difference in the isotope
fractionations concerning the pure water or the dissolved mineral under the
same temperature and pressure. Substantially, the size of isotope salt effect
depends on the degree of mineral–water interaction when dissolving the
mineral in an aqueous solution (i.e. solute-water interaction). Thus both
cation-oxygen bond strength and cation mass in minerals dictate the mineral
solubility (solute concentration), solute species and hydration (numbers),
which in turn all are a function of temperature and pressure. To a first
approximation, the isotope salt effect of dissolved minerals corresponds to
the mineral/water term in the modified increment method of Zheng (1993a).
This term is used to quantitatively describe the effect of mineral–water
interaction on oxygen isotope partitioning when calculating mineral–mineral
fractionation factors by combining the fractionation factors of two mineral–
water systems. Like the isotope salt effect, the mineral/water term may also
be a function of temperature and pressure that remains to develop in the
future.

As demonstrated by Hu and Clayton (2003) in their high-T/high-P
experiments of oxygen isotope exchange, the isotope salt effect of a dis-
solved mineral is the main reason for the observation that the experimen-
tally calibrated oxygen isotope fractionations between a mineral and water
are systematically 1.5– 2& more positive than the results of theoretical
calculations. This effect is particularly significant on oxygen isotope
fractionations concerning quartz, so that it provides an experimental con-
firmation for the introduction of the mineral/water term to the modified
increment method of Zheng (1993a). This is illustrated in Figure 3 for the
quartz–water system, the oxygen isotope fractionations derived from the
calculation of Zheng (1993a) are in good agreement with those from
experimental data.

However, no isotope salt effect was observed by Hu and Clayton (2003)
on oxygen isotope fractionation between calcite and water although the
exchanged fluid contained trace amounts of dissolved carbonate and bicar-
bonate species. This is confirmed by an experimental study of Zhou and
Zheng (2005) on effect of polymorphic transition on oxygen isotope
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fractionation between aragonite, calcite and water at low temperatures. An
important finding from this study is that once the calcium carbonates were
dissolved in aqueous fluids, it is ready to achieve oxygen isotope equilibrium
between precipitated calcite and water regardless of its precursor composi-
tion. For this reason, the correction for calcite–water interaction is not
necessary when combining the reduced partition function ratios for oxygen
isotopes in calcite ð103 lnbCcÞ as theoretically calculated by Bottinga (1968),
Shiro and Sakai (1972), Kieffer (1982), and Chacko et al. (1991) with the
reduced partition function ratios for oxygen isotopes in water ð103 lnbWÞ by
Hattori and Halas (1982).

The previous regression to the theoretical 103 lnb values were algebraically
presented in the form of 103 lnb ¼ A� 106=T2 þ B� 103=Tþ C over a large
temperature range from 0 to 1200 �C. This can bring about variable degrees
of bias from the original data at low temperatures. In order to avoid the
possible bias, we have linearly regressed the theoretical 103 lnb values only
at 0–100 �C. Furthermore, by removing the correction for calcite/water

Figure 3. A comparison of oxygen isotope fractionation factors between quartz and water

calculated by Zheng (1993a) with the experimental data in the literature: (a) at low tem-

peratures (Leclerc and Labeyrie, 1987; Kita et al., 1985), and (b) at high temperatures (Hu

and Clayton, 2003; Matsuhisa et al., 1979; Matthews and Beckinsale, 1979; Clayton et al.,

1972). While excellent agreements are obtained between the theoretical and experimental

results by the correction for quartz–water interaction at the low temperatures, discrepan-

cies occur at the high temperatures above the supercritical point possibly due to overcor-

rection for mineral/water interaction in combining 103 lnb values for quartz and water.
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interaction that was taken into account in the previous treatment of Zhou
and Zheng (2003), the theoretical equations of oxygen isotope fractionation
for the calcite–water system at 0–100 �C are revised as follows:

Chacko et al. (1991):

103 ln aCc�W ¼ 2:58� 106=T2 þ 1:95� 103=T� 7:45
ð4aÞ

Figure 4. A comparison of oxygen isotope fractionation factors for carbonate–water

systems. (a) Cerussite–water fractionations from the theoretical calculation (Zheng, 1999)

with those from the experimental data of O’Neil et al. (1969) at high temperatures and

Melchiorrer et al. (2001) at low temperatures; (b) Dolomite–water fractionations from the

theoretical calculation (Zheng, 1999) with those measured by microbial experiments at 25–

45 �C (Vasconcelos et al., 2005) and chemical syntheses at 40–80 �C (Schmidt et al., 2005)

as well as hydrothermal experiments at 25–300 �C (Matthews and Katz, 1977; Fritz and

Smith, 1970). Note that the old data of Matthews and Katz (1977) exactly overlap the new

data of Schmidt et al. (2005) when a correction of�0:8& is made for the phosphoric acid

fractionation factor for dolomite at 25 �C. Excellent agreements are brought about

between the theoretical and experimental results by the correction for mineral/water

interaction at both low and middle temperatures except the experimental data of Northrop

and Clayton (1966) from the partial exchange technique at high temperatures. O’Neil

(1986) pointed out that the dolomite–water fractionations determined by the partial

exchange technique are probably greater than the equilibrium fractionations. Zheng (1999)

noted that a large scatter of these experimental data is associated with their fitted curve of

fractionation equation and thus is not qualified for the experimental calibration of stable

isotope fractionation factors. Therefore, it would be misleading if the dolomite–water

curve of Northrop and Clayton (1966) is used as the reference for the true fractionation

factors between dolomite and water at thermodynamic equilibrium.
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Kieffer (1982):

103 ln aCc�W ¼ 2:12� 106=T2 þ 4:91� 103=T� 12:12 ð4bÞ

Shiro and Sakai (1972):

103 ln aCc�W ¼ 2:20� 106=T2 þ 4:23� 103=T� 11:71
ð4cÞ

Bottinga (1968):

103 ln aCc�W ¼ 2:25� 106=T2 þ 5:16� 103=T� 12:75
ð4dÞ

An averaged equation of oxygen isotope fractionation for the theoretical
calcite–water system at 0–100 �C can be obtained from the above four
computations:

103 ln aCc�W ¼ 2:29� 106=T2 þ 4:06� 103=T� 11:01 ð5Þ

As shown in Figure 1 (curve 6), the theoretical fractionation at 0 �C well
match the experimental data of Tarutani et al. (1969) but is slighter greater
than the other results.

Because the isotope salt effect cannot be precluded on the aragonite–water
system at thermodynamic equilibrium, the mineral–water correction is nec-
essary when combining the reduced partition function ratios for oxygen iso-
topes in aragonite as calculated by Zheng (1999) with the reduced partition
function ratios for oxygen isotopes in water by Hattori and Halas (1982). As a
result, the theoretical equation of fractionation factors for the aragonite–
water system at 0–1200 �C (curve 3 in Figure 1) is as follows (Zheng, 1999):

103 ln aArg�W ¼ 3:91� 106=T2 � 5:79� 103=Tþ 1:92: ð6Þ

As shown in Figure 4a, the validity of such a treatment is supported from the
cerussite-water system, another mineral of aragonite group, by an agreement
of the theoretically calculated fractionation factors (Zheng, 1999) with those
measured by both hydrothermal exchange experiment at high temperatures
(O’Neil et al., 1969) and slow precipitation experiment at low temperatures
(Melchiorrer et al., 2001). Likewise, necessity for the dolomite–water cor-
rection is illustrated in Figure 4b by an agreement of theoretically calculated
fractionation factors (Zheng, 1999) with those measured by the newest
microbial experiments at 25–45 �C (Vasconcelos et al., 2005) and chemical
syntheses at 40–80 �C (Schmidt et al., 2005) as well as old hydrothermal
experiments at 25–300 �C (Matthews and Katz, 1977; Fritz and Smith, 1970).
In addition, the agreements between the theoretically calculated and exper-
imentally measured fractionation factors have been shown not only for the
witherite–water and siderite–water systems (Figure 5) but also for the
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aragonite–water system (lines 3 and 4 in Figure 1). These imply that the
isotope salt effect of dissolved minerals is significant for these carbonates.

In the first modification of Zheng (1991) to the increment method of
Schuetze (1980), two correction terms (the low-temperature term and the
coupling coefficient) were introduced in order to bring the theoretical data in
reasonable agreements with existing experimental and empirical data for
oxygen isotope fractionation inmetal oxides. Zheng (1993a) further introduced
the third correction term called the miner/water interaction for the purpose of
reconciling the discrepancies between the theoretical and experimental data for
anhydrous silicateminerals. It is themineral/water term that was used by Zhou
and Zheng (2003) to calculate the theoretical calcite–water fractionation
equations by a simple combination of the theoretical 103 ln b values for calcite
and water, respectively. In the all follow-up series-calculations for various
minerals of geochemical interest by means of the modified increment method,
the 103 ln b values for quartz and calcite have been used as the reference
minerals, respectively, for different categories of crystal structure and chemical
composition (e.g., Zheng, 1991, 1992, 1993a, b, 1995, 1996, 1997, 1998, 1999).
These reference 103 ln b values were not calculated by the increment method

Figure 5. A comparison of oxygen isotope fractionation factors for carbonate–water

systems. (a) Witherite–water fractionations from the theoretical calculation (Zheng, 1999)

with those measured by the synthesis experiments of Zhou and Zheng (2002) and Kim and

O’Neil (1997) at low temperatures as well as both synthesis and exchange experiments of

O’Neil et al. (1969) at low and temperatures, respectively; (b) Siderite–water fractionations

from the theoretical calculation (Zheng, 1999) with those measured by hydrohythermal

exchange experiments at 33–197 �C (Carothers et al., 1988).
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itself, but simply accepted from the theoretical calculations of Kieffer (1982)
with the experimental corrections of Clayton et al. (1989).

The comparisons illustrated in Figures 1, 3–5 show the excellent agree-
ments between the theoretical and experimental data. In particular, the new
experimental data for cerussite (Figure 3a) and dolomite (Figure 3b) confirm
the theoretical calculations of Zheng (1999). These prove that the theoretical
calculations of Zheng (1999) for the carbonate minerals are reasonably valid
in a thermodynamic sense. So far theoretically no other method is available
to calculate a series of stable isotope fractionation factors for crystalline
minerals with the reasonably accuration for the purpose of geochemical
applications. Statistico-mechanical methods and their modifications (with
certain parameter adjustments) have only been applied to calculation of
stable isotope fractionation factors for a few minerals, with the reasonable
accuration and thus a limited success only for few minerals including quartz
and calcite (Kieffer, 1982; Chacko et al., 1991). In this regard, the increment
method is a robust means for theoretical geochemistry.

Except for calcite, the isotope salt effect occurs in all the other minerals of
geochemical interest, at least for the other carbonates (Figures 1, 3–5). Thus
it is necessary to apply the mineral/water term to the calculations of mineral–
water oxygen isotope fractionation factors when combining the calculated
103 ln b values for mineral and water, respectively. In terms of the above
discussion it appears that oxygen isotope fractionation between calcite and
aragonite is different in the presence or absence of water. In the absence of
water, on one hand, fractionation equation between calcite and aragonite can
simply be calculated from the theoretical data of Zheng (1999):

103 ln aCc�Arg ¼ 0:10� 106=T2 þ 1:14� 103=T� 0:48: ð7Þ

The calcite–aragonite fractionation is 4:47& at 25 �C under the dry condi-
tions. In the presence of water, on the other hand, fractionation equation
between calcite and aragonite is obtained from Equations (5) and (6):

103 ln aCc�Arg ¼ �1:62� 106=T2 þ 9:85� 103=T� 12:93: ð8Þ

The theoretical calcite–aragonite fractionation is 1:88& at 25 �C under wet
conditions (Figure 1). This value is greater than a value of 1:28& from the
combined experimental determinations of Zhou and Zheng (2003, 2005) and
a calcite–strontianite fractionation of 1:14& from the precipitation experi-
ments of O’Neil et al. (1969), but smaller than calcite–witherite fractiona-
tions of 3:50& and 2:51& measured by O’Neil et al. (1969) and Kim and
O’Neil (1997), respectively, at the same temperature.

The presence or absence of water in the systems that contained calcite/
aragonite can result in the significant differences in oxygen isotope
fractionation between calcite/aragonite and the other minerals. As concluded
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by Hu and Clayton (2003), differences in the isotope salt effects of dissolved
minerals are the reason for the discrepancies between fractionations of
pairs of minerals obtained by indirect hydrothermal exchange and by car-
bonate exchange; the oxygen isotope salt effects of dissolved minerals in
experimental studies are the main reason for the discrepancy between the
experimentally calibrated mineral–water fractionation and the calculated
mineral–water fractionation. Furthermore, this may also be the potential
reason for the systematical differences in quartz–calcite fractionation factor
between the experimental data of Clayton et al. (1989) from nominally
anhydrous experiments and the empirical curve of Sharp and Kirschner
(1994) on the basis of observed fractionations in the natural samples from
greenschist-facies marbles, veins composed of cogenetic quartz and calcite,
and various low-grade metamorphic rocks.

In nature and nominally anhydrous experiments, in fact, calcite could
form by the polymorphic transition from aragonite under hydrous or
anhydrous conditions even with a progressive transformation between them.
As experimentally demonstrated by Zhou and Zheng (2005), a solid-state
polymorphic transition from aragonite to calcite without dissolution–
recrystallization does not yield measurable change in oxygen isotope com-
position within the analytical uncertainties between precursor aragonite and
the secondary calcite. On the other hand, oxygen isotope fractionations
between the CaCO3 polymorph of different phase compositions and water
vary with the progress of polymorphic transition from aragonite to calcite. If
a mechanism of dissolution–reprecipitation is involved during calcite crys-
tallization from aqueous solution, thermodynamic equilibrium prevails for
oxygen isotope fractionations between the final calcite and water. The
hydrothermal experiments of Clayton et al. (1975) did not yield the mea-
surable effect on oxygen isotope fractionation between CaCO3 and H2O at
the pressures involving the calcite–aragonite transition. These would cause
additional complexity when quantitatively applying the observed quartz–
calcite fractionations to geothermometric work.

5. Kinetic mechanism of oxygen isotope exchange and equilibrium

One general consensus that has been universally accepted is that CaCO3

minerals precipitated from Ca(HCO3)2 solution proceed via following two
basic chemical reactions:

2½HCO3�� ! ½CO3�2� þ CO2 " þH2O ðIÞ

½CO3�2� þ Ca2þ ! CaCO3(s) # ðIIÞ
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It is well known that different initial materials, for instances of CaCl2 and
Na2CO3 solutions, or Ca(HCO)3 solution as initial materials, precipitate
calcium carbonate following different reaction processes. For the dissociation
of Ca(HCO)3 method, the two reactions would take place. These two
reaction processes determine the complexity of isotope fractionation between
CaCO3 and H2O.

On the other hand, the crystal structure of calcium carbonates determines
the stability of CaCO3 polymorphs, which in turn dictates the difference in
oxygen isotope partition between CaCO3 polymorphs. Crystallographic
investigations show that rhombohedral calcite and hexagonal vaterite have
threefold symmetry axes, and their space groups are respectively R-3c and
P63/mmc, while orthorhombic aragonite in the space group Pmcn does not
have such threefold axes. Another distinction of the aragonite structure is
that the Ca2+ ions are nine-coordination, rather than displaying the
6-coordination in the calcite and vaterite structures. The instability of ara-
gonite under ambient conditions ascribes to the fact that Ca2+ is rather small
for 9-coordination. In contrast, SrCO3, BaCO3 and PbCO3 with the arago-
nite structure are stable owing to the larger cations (Kuether et al., 1998;
Zhou et al., 2004). Metastable aragonite is easily susceptible to polymorphic
transition to stable calcite by the mechanism of dissolution–reprecipitation,
so that such transition is much faster in aqueous solutions than in anhydrous
states (Wary and Daniels, 1957; Fyfe and Bischoff, 1965; Deleuze and
Brantley, 1997; Zhou and Zheng, 2001).

The synthesis experiments of Zhou and Zheng (2001) have clearly dem-
onstrated that the rod-like aragonite with the length of 2– 6 lm easily
transforms into ca. 10lm rhombic calcite in solutions within 24 h even at 50
or 70 �C. In the 0 �C aqueous solutions, spherical vaterite transforms into
rhombic calcite after aging for 10 min. To the best our knowledge, however,
no valid technique is available to corroborate the primary or secondary
genesis of calcite at such low temperatures as 0 and 25 �C. It appears that
these complicated the genetic identification of CaCO3 minerals, especially
calcite, which could originate from polymorphic transition of metastable
aragonite or unstable vaterite by the rapid processes of dissolution–repre-
cipitation. Thus, the experimental calibration of oxygen isotope fractionation
for the aragonite–water system can provide direct and reliable results in this
aspect.

The other general consensus is that the slower the precipitation rate of
mineral, the closer to equilibrium for oxygen isotope fractionation between
the precipitated mineral and solution. For the CaCO3–H2O system, the
following processes of oxygen isotope exchange would be involved during the
CaCO3 precipitation from Ca(HCO3)2 solution:
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½HC18O16O2��þ½HC18O2
16O��¡½C18O2

16O�2�þH2
16OþC18O16O"(III)

½C18O2
16O�2� þH2

16O¡½C18O16O2�2� þH2
18O ðIVÞ

H2
18Oþ ½C18O16O2�2� þ Ca2þ¡CaC18O2

16O(s) # þH2
16O ðVÞ

where reaction (III) denotes the oxygen isotope exchange during [HCO3]
)

decomposition to [CO3]
2+, H2O and CO2 gas, reaction (IV) means the

oxygen isotope exchange and equilibration between the formed [CO3]
2) and

H2O, and reaction (V) reflects the isotope exchange during the formation of
crystalline CaCO3, i.e., structural effect on isotope fractionation during
mineral crystallization.

As shown by Zhou and Zheng (2002), the processes of oxygen isotope
exchange would be involved during the CaCO3 precipitation from
Ca(HCO3)2 solution for the CaCO3–H2O system. For the low-temperature
calibration of oxygen isotope fractionation between CaCO3 and H2O, a
special Ca(HCO3)2 solution was extensively used for the slow precipitation of
CaCO3 (e.g., McCrea, 1950; Tarutani et al., 1969; O’Neil et al., 1969; Kim
and O’Neil, 1997; Zhou and Zheng, 2003). If CaCO3 precipitation from such
a solution is sufficient slow, the oxygen isotope fractionation between the
precipitated CaCO3 and H2O should be much more close to equilibrium. This
also means that the [CO3]

2) formed from the dissociation of [HCO3]
) can

sustain in solution for a longer time, so that it can adequately exchange
oxygen isotopes with H2O to achieve thermodynamic equilibrium. In con-
trast, if CaCO3 precipitation is faster, oxygen isotope fractionation between
the precipitated CaCO3 and H2O tend to deviate from equilibrium, i.e., the
formed [CO3]

2) has insufficient time to exchange oxygen isotopes with water.
This implies that the presence or absence of isotope equilibrium between the
dissolved [CO3]

2) and H2O during the CaCO3 precipitation controls the final
isotope equilibrium or disequilibrium for the CaCO3–H2O system (Zhou and
Zheng, 2002).

A kinetic mechanism of oxygen isotope exchange and equilibrium between
carbonates and water was proposed by Zhou and Zheng (2002) based on
their experimental observations. The equilibrium oxygen isotope fraction-
ation between the precipitated carbonate and water proceeds via the
following two processes:

(i) Oxygen isotope exchange between [CO3]
2) and H2O:

½C16O3�2� þ 2H2
18O¡½C18O16

2 O�2� þ 2H2
16O ðVIÞ

(ii) A combination of divalent metal cation M2+ with the [CO3]
2) to form

carbonate:
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M2þ þ ½C18O2
16O�2� þH2

18O¡MC18O3(s) # þH2
16O ðVIIÞ

where reactions (VI) and (VI) have similar implications to the reactions (IV)
and (V). The reaction (VI) is the rate-limiting step for equilibrium oxygen
isotope fractionation between carbonate and water. The mineral formation
reaction (VI) bears the structural effect of carbonate crystallization on oxy-
gen isotope fractionation during mineral precipitation. Therefore, different
carbonates, either witherite or aragonite that both belong to the aragonite
group crystal structure, exhibit the similar trend but different magnitudes of
oxygen isotope fractionation (Zhou and Zheng, 2002).

It merits to emphasize the effects of the chemical composition of solutions
used in synthesis experiments on the carbonate–water fractionations, but it is
not allowed to overlook the kinetic mechanism of oxygen isotope exchange
and equilibrium in carbonate–water systems. Kim and O’Neil (1997)
observed that carbonates could be precipitated reproducibly in or out of
oxygen isotope equilibrium with the environmental solution by varying the
concentrations of bicarbonate anion and metal cation. They found that the
fractionation factors between synthesis carbonates and water measured for
solutions with different initial concentrations differ by as much as 2– 3& at a
given temperature. According to McConnaughey (1989), however, oxygen
isotope disequilibrium between synthetic carbonates and water would occur
when CO2 underwent reactions to form [HCO3]

). Furthermore, McConn-
aughey (1989) predicted that the slow exchange of oxygen isotopes between
dissolved [CO3]

2) and H2O is the most likely step to prevent oxygen isotope
equilibrium during carbonate precipitation. These highlight the critical
importance in judging the achievement of oxygen isotope equilibrium
between the dissolved carbonate complex anions and water prior to the
precipitation of either aragonite or calcite. With respect to the carbonate
precipitation and associated isotopic equilibrium, we must be clearly aware
of the above two general consensuses.

6. Effects of solution chemistry

6.1. ONE-STEP AND TWO-STEP EXPERIMENTS

Precipitation experiments have been widely applied to calibration of oxygen
isotope fractionation factors between calcium carbonate and water at low
temperatures. Principal approaches are to synthesize calcium carbonate via
either slow decomposition of Ca(HCO3)2 or rapid precipitation of CaCO3 by
adding CaCl2 to NaHCO3–Na2CO3 solutions (e.g., McCrea, 1950; O’Neil
et al., 1969; Tarutani et al., 1969; Kim and O’Neil, 1997). All of the exper-
iments involve a hydrolysis of carbonate to bicarbonate, carbonic acid and
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dissolved CO2. The steps of oxygen isotope exchange take place among
carbonic acid, H2O and CO2 and among CO2, bicarbonate and hydroxide.
Equilibrium isotope partitioning is obtained when CaCO3 precipitates slowly
from solution; rapid precipitation fosters disequilibrium (McCrea, 1950;
O’Neil et al., 1969; Romanek et al., 1992). As outlined by Usdowski et al.
(1991), the strongest fractionation is caused by the isotope exchange between
CO2 and H2O, and the smallest fractionation occurs between dissolved and
gaseous CO2; the fractionation between the dissolved carbonate species and
H2O is intermediate and decrease in magnitude in the order of H2CO3,
[HCO3]

), and [CO3]
2). Zeebe (1999) observed that oxygen isotope fraction-

ation between CaCO3 and H2O depends not only on the temperature but also
on the pH of the solution from which it is formed.

It is possible that the observed differences in experiment-derived calcite–
aragonite fractionation would be caused by rapid (disequilibrium) precipita-
tion of aragonite from either [CO3]

2) or [HCO3]
) dominant solutions. The

experiments of Zhou and Zheng (2002) were just designed with one- and two-
step approaches, respectively, corresponding to the two complex anions of
dissolved carbonate prior to aragonite precipitation. The difference between
the one- and two-step approaches lies in the duration of oxygen isotope
exchange between dissolved carbonate and water prior to aragonite precipi-
tation. The two-step approach has taken sufficient time to achieve oxygen
isotope equilibrium between dissolved carbonate and water, whereas the one-
step approach has not (Zhou and Zheng, 2002). Witherite and metastable
aragonite were directly synthesized by the direct precipitation and the over-
growth techniques, respectively. The one- and two-step experiments involving
witherite and aragonite have unambiguously demonstrated that the degree of
oxygen isotope exchange between [CO3]

2) and H2O controls the final equilib-
rium or disequilibrium between carbonate and water (Zhou and Zheng, 2002).
The two-step experiments provided equilibrium fractionations between the
precipitated carbonate and water, whereas one-step experiments did not. As
clearly demonstrated by Zhou and Zheng (2002) in their two-step experiments
at different periods from 20 to 60 days, the dissolved [CO3]

2) and H2O have
achieved an oxygen isotope equilibrium prior to the aragonite precipitation.

The results of Zhou and Zheng (2002) from the one- and two-step
experiments can provide a rational evaluation to the results from Ca(HCO3)2
solution. If the initial concentration of Ca(HCO3)2 solution is high, the
accumulation of [CO3]

2) dissociated from [HCO3]
) will quickly increase, so

that the supersaturation of [CO3]
2) and Ca2+ in solution is quickly achieved

to result in the rapid precipitation of CaCO3. In this case, the insufficient
exchange of oxygen isotopes occurs between the [CO3]

2) and H2O. As a
consequence, the [CO3]

2) will partly inherit the oxygen isotope composition
of [HCO3]

), and higher fractionation values will be obtained. On the other
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hand, if the concentration of Ca(HCO3)2 solution is enough low, the [CO3]
2)

dissociated from [HCO3]
) will sustain in solution for a longer time, the

sufficient exchange of oxygen isotopes to approach equilibrium fractionation
can occur between the dissolved [CO3]

2) and H2O. Consequently, equilib-
rium oxygen isotope fractionations between precipitated carbonate and water
will closely be approached and even finally achieved.

It could be suspected that the observed results from the two-step experi-
ments may have bearing on the effects of high solution pH, the low 18O/16O
ratio of [CO3]

2) and rapid precipitation. These seem reasonable because
[CO3]

2) is depleted in 18O relative to [HCO3]
) in carbonate-dissolved

solutions that are in internal equilibrium (Usdowski and Hoefs, 1993; Zeebe,
1999). The quickly precipitated carbonate tends to inherit the oxygen isotope
signature of dissolved carbonate complex anion in solution (McCrea, 1950).
If so, the quickly precipitated witherite or aragonite should have the same
oxygen isotope fractionation. However, the one-step and two-step experi-
ments all show that witherite and aragonite have different values of frac-
tionation relative to water (Zhou and Zheng, 2002). As shown in Figure 2 of
Zhou and Zheng (2002), these fractionations for either witherite-water or
aragonite–water system only depend on the duration of isotope exchange
between [CO3]

2) and H2O prior to the carbonate precipitation at the same
temperature. A very important finding from the one-step and two-step
experiments is that, for the carbonate minerals that contains the complex
anion of [CO3]

2), the degree of approaching the equilibrium oxygen isotope
fractionation between the precipitated carbonate and water depends on the
degree of achieving the equilibrium between the complex anion of dissolved
[CO3]

2) and H2O prior to the carbonate precipitation.
Experimental temperatures also have the same effect as the initial

concentration of Ca(HCO3)2. The higher the experimental temperature, the
faster the precipitation of carbonate minerals. Thus, the oxygen isotope
fractionations obtained at higher temperatures may represent disequilib-
rium even at the low concentrations of Ca(HCO3)2 solution. Our detailed
SEM investigation for the synthesized minerals provides powerful proof. By
means of SEM technique we investigated in detail the aragonite minerals
precipitated from Ca(HCO3)2 solution at 0, 25 and 50 �C (Zhou and
Zheng, 2003). The results show that the experiments of lower temperatures
(0 and 25 �C) resulted in aragonite aggregates consisting of rod-like ara-
gonite crystals, whereas dispersed and bigger rod-like aragonites were
precipitated at higher temperature (50 �C). This confirms that the higher
temperature leads to the rapid growth of aragonite crystals from the
Ca(HCO3) solution. The SEM observations suggest that the calibration of
fractionation factors at higher temperature (50 �C) by virtue of Ca(HCO3)2
solution may be unsuitable.
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6.2. SLOW PRECIPITATION EXPERIMENTS

It is possible that the oxygen isotope composition of precipitated aragonite
depends on the concentration of dissolved carbonate species in aqueous
solutions. In the slow precipitation experiments of Zhou and Zheng (2003),
1.25 g CaCO3 powders were used to prepare the Ca(HCO3)2 solution; only a
small amount of CaCO3 solid could be dissolved under the conditions of
bubbling CO2 gas. Thus the concentration of Ca(HCO3)2 solution is far less
than 25 mM (the complete dissolution of 1.25 g CaCO3 solid will reach a
maximum concentration of 25 mM). In addition, the duration of the first
appearance of initial precipitate in their experiments is longer than that in
Kim and O’Neil (1997). This means that the lower concentration of
Ca(HCO3)2 solutions was used in our runs of slow precipitation.

In addition, various Ca(HCO3)2 solutions with far different concentra-
tions were used to examine whether the Ca(HCO3)2 concentrations have an
effect on the oxygen isotope fractionation. As depicted in Table 3 of Zhou
and Zheng (2003), the results show negligible fractionation with decreasing
Ca(HCO3)2 concentration. Among the runs, two samples 97CB44 (0.2n mol/
L) and 97CB45 (0.2n mol/L), where the suffix n denotes the initial concen-
tration of Ca(HCO3)2 in the starting solution, were slowly precipitated at
25 �C for 90 days, but produced insufficient precipitates for XRD and
isotope analyses (as described in the Section 2.2.1 CaCO3 dissolution, Zhou
and Zheng, 2003), indicating that the used Ca(HCO3)2 was very low.

Moreover, the Mg2+concentrations of 0–1 M (Tables 1 to 4 of Zhou and
Zheng, 2003) were used to synthesize pure aragonite, oxygen isotope fracti-
onations between CaCO3 and H2O at various Mg2+ concentrations also
show negligible effect (Tables 2, 3 and 5 of Zhou and Zheng, 2003). These
demonstrate that the salt effect of Mg2+ concentration is negligible in the
synthesis experiments of low temperatures. In addition, the equilibrium
fractionation data marked by the notation z in Table 5 of Zhou and Zheng
(2003) were also obtained from a wide range of Mg2+ concentrations from
0.016 M (samples 97CB20.2 and 97CB22.2) through 0.032 M (97CB18) and
0.375 M (97CB01) to 1.0 M (samples 97CB02, 97CB03, 97CB04 and
97CB05). Again, the oxygen isotope fractionation values measured clearly
demonstrated a negligible effect of Mg2+ concentrations on the oxygen iso-
tope fractionations within the analytical error, indicating that no salt effect of
Mg2+ cation occurred under our experimental conditions. Otherwise at least
an observable fractionation difference would occur with the change in Mg2+

concentrations.
For the system of Ca(HCO3)2 solution with Mg2+, furthermore, even if

there existed the [MgHCO3]
+ species in solution (but no evidence shows the

presence of such a species) when the precipitation of carbonate occurred in
this solution, this species, like [HCO3]

), must decompose into [CO3]
2) that
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was then combined with Ca2+ to form the CaCO3 precipitate. When such a
process proceeds slowly, the formed mineral can approach oxygen isotope
equilibrium with water. Likewise, this implies that the formed [CO3]

2) must
be sustained in the solution for a longer time, otherwise the measured oxygen
isotope fractionation between mineral and water will be far away from the
equilibrium value.

7. Kinetic isotope fractionation during CaCO3 polymorphism

In order to examine the effect of polymorphic transition on oxygen isotope
fractionation between calcite and water, Zhou and Zheng (2005) sequentially
precipitated aragonite–calcite mixture of different proportions by controlling
transition time from 5, 30, 60, 300 to 1440 min at 50 and 70 �C, and extracted
CaCO3 minerals and water at different time intervals during the polymorphic
transition from aragonite to calcite. The experiments follow the overgrowth
technique by Zhou and Zheng (1998) for aragonite synthesis, but have been
slightly modified for the purpose of calibrating isotope fractionation factors.
The initial aragonite was prepared by the one- and two-step approaches,
respectively, with different states of disequilibrium or equilibrium oxygen
isotope fractionation with water (Zhou and Zheng, 2002). Relative content of
calcite in aragonite–calcite mixtures was estimated by the XRD technique.
For the one-step experiments at 50 �C, oxygen isotope fractionations
between calcium carbonate and water almost have constant 103 ln a values of
23.89– 24:03& with changing transition times from 5 to 1440 min and thus
corresponding percentages of transformed calcite from 0 to 100%. This
implies that the rates of oxygen isotope exchange among DIC (dissolved
inorganic carbon) species are much faster than the rates of polymorphic
transition in aqueous solution.

For the two-step experiments, nevertheless, the oxygen isotope fractio-
nations between CaCO3 and H2O progressively increase with time as the
polymorphic transition from aragonite to calcite proceeds, and finally
approach the fractionation values for the pure calcite. With increasing the
transition time from 5 to 1440 min, they change from 21:77& at 100%
aragonite to 23:51& at 100& calcite at 50 �C, and from 18:84& at 100%
aragonite to 20:36& at 100& calcite at 70 �C. There is a linearly increased
relationship of 103 ln aCaCO3�H2O to the calcite content, indicating that the
kinetics of oxygen isotope exchange among DIC species parallels the kinetics
of polymorphic transition in aqueous solution. All of the one- and two-step
approach experiments demonstrate that the degree of oxygen isotope
reequilibration between secondary calcite and water heavily depends on the
equilibrium state of initial aragonite and thus the reaction mechanism
involved during the precipitation of initial calcium carbonates. The observed
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difference may thus be caused by the difference in kinetic rate between oxygen
isotope exchange among the DIC species and the aragonite–calcite poly-
morphic transition in aqueous solution.

It has been puzzled why there is a close similarity in oxygen isotope
fractionation among the calcite of Kim and O’Neil (1997), the pure
aragonite and aragonite–calcite mixtures of McCrea (1950) and the calcite,
calcite–aragonite mixtures and aragonite of Zhou and Zheng (2003). The
observed coincidences and discrepancies in the CaCO3–H2O fractionation
factors between the different synthesis experiments may reflect a metastable
steady-state ‘‘dynamic equilibrium’’ during the precipitation of calcium
carbonates under the each run conditions. The so-called steady-state
‘‘dynamic equilibrium’’ is not a true thermodynamic equilibrium but refers
to a kinetically controlled transition state at non-equilibrium during the
processes of isotope exchange reactions, whereas the thermodynamic
equilibrium corresponds to the minimum free energy for isotope exchange
reactions. As stated by Lasaga (1998), the steady-state is a crucial and
important concept to much of geochemical kinetics. In mineral–water
interactions under open system conditions, fluid can move in or out of the
mineral–water system. The steady-state stems from the interplay between
the input of fluid of a given composition, the dissolution or precipitation
reaction with the fluid, and the output of fluid of a different composition.
After some initial time period, the concentration of any species in the cell
solution reaches a constant (steady-state) value.

The steady-state ‘‘dynamic equilibrium’’ may be common for oxygen
isotope fractionation in biogenic carbonates. A comparison of the literature
data shows that oxygen isotope fractionations determined by Xia et al.
(1997) for calcite are close to those by Grossman and Ku (1986), Thorrold
et al. (1997) and Boehm et al. (2000) for the aragonite–water system.
However, oxygen isotope fractionations for the biogenic aragonite by
Grossman and Ku (1986) and Thorrold et al. (1997) are greater than those
for the biogenic calcite by Epstein et al. (1953) as well as Erez and Luz
(1983). The oxygen isotope fractionations by Patterson et al. (1993) for the
biogenic aragonite–water system are very close to those by Epstein et al.
(1953) and Erez and Luz (1983) for the calcite–water system. It appears
that there are significant disagreements among the empirical calibrations for
the biogenic calcium carbonates. This suggests that the biogenic calcite may
attain the steady-state equilibrium of oxygen isotope fractionations with
ambient water during its precipitation. Moreover, different biological
species may have different vital effects on oxygen isotope fractionations
involving calcium carbonates. This is a likely cause for the variable
magnitudes or directions of oxygen isotope fractionations observed in
biogenic calcium carbonates.
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8. Discussion

In nature and laboratory experiments, thermodynamically unstable aragonite
is not always precipitated earlier than stable calcite from aqueous solutions at
low temperatures. In other words, calcite can be precipitated first from the
Ca(HCO3)2 solution depending on the chemistry of solution at the time of
precipitation. On the other hand, the results from the literature data by the
synthesis experiments for the calcite–water system do not satisfy any rigorous
conditions for proof of thermodynamic equilibrium with respect to the
conventional experiments by isotopic exchange from two contrary directions.
Therefore, our knowledge of equilibrium oxygen isotope fractionations for
the calcite–water system is incomplete and thus has to be tested for self-
consistency with available data from theoretical calculations, experimental
determinations and natural observations. In particular, the mechanism of
calcite formation by either primary precipitation or secondary transforma-
tion is a critical issue in judging the achievement and preservation of equi-
librium fractionation in this mineral.

In many low-temperature systems, furthermore, mineral precipitation
often occurs through the Ostwald Step Rule, which consists of the sequence
of a sequential precipitation event where metastable solid phases nucleate
and are progressively replaced by more stable phases (Morse and Casey,
1988). Chemically, aragonite nucleation may be sometimes favored kineti-
cally when precipitating CaCO3 from aqueous fluids, compared to calcite,
presumably due to low activation energy for the nucleation of the former
mineral. On the other hand, trace element chemistry may sometimes be the
driving force for the precipitation of aragonite and recrystallization to calcite
(Wray and Daniels, 1957). Metastable aragonite may be replaced by stable
calcite through a series of dissolution–precipitation reactions (Zhou and
Zheng, 2001).

Experimental studies on oxygen isotope fractionation in the CaCO3-H2O
system indicate that dissolution–reprecipitation controls the rate of isotope
exchange between finely dispersed calcium carbonate and aqueous solutions
(Clayton, 1959; Northrop and Clayton, 1966; O’Neil et al., 1969; Zhou and
Zheng, 2005). On the basis of oxygen isotope exchange kinetics and detailed
microscopic examination, Anderson and Chai (1974) concluded that disso-
lution and reprecipitation is the mechanism by which isotope exchange
occurs between calcite and water under hydrothermal conditions. They also
found that the extent of fractional isotope exchange correlates with the
observed extent of recrystallization. Experiments of oxygen isotope exchange
in three-phase systems of calcite–silicate-fluid indicate that minerals experi-
enced surface-controlled isotopic exchange through dissolution–recrystalli-
zation in the early stage, but diffusion-controlled isotopic exchange through
transport of oxygen-bearing species in the later stage (Zheng et al., 1999,
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2004). Oxygen isotope partitioning during mineral–fluid interaction was
initially controlled primarily by the Ostwald ripening process, and then
becomes diffusion-controlled afterwards when the systems had attained
chemical equilibrium. The change in the oxygen isotope compositions of both
calcite and fluid is very significant during the dissolution–recrystallization,
but becomes relatively insignificant during the diffusion. The rates of oxygen
isotope exchange through dissolution–recrystallization are much faster than
those through diffusion.

Clayton (1959) observed that the calcium carbonate in the high temper-
ature experiments underwent recrystallization during polymorphic transition
from aragonite to calcite and hence achieved new calcite–water isotope
equilibrium under the hydrothermal conditions. This implies the breaking
and rebinding of the bonds not only between Ca2+ and carbonate complex
[CO3]

2) but also between carbon and oxygen within the carbonate complex
during the polymorphic transition and recrystallization. However, it is
unclear whether the calcium carbonate in the low temperature experiments of
Kim and O’Neil (1997) experienced the breaking and rebinding of the bonds
not only between Ca2+ and [CO3]

2+ but also between carbon and oxygen
within the carbonate complex during the polymorphic transition. Further
studies on synthetic products by atomic force microscopy and/or other
techniques are thus required to clarify this process.

Although the positive fractionation values always occur between calcite and
aragonite at thermodynamic equilibrium (Figure 2), a negative slope is yielded
for the equation of oxygen isotope fractionation factors at 0–70 �C.This differs
from most of other mineral-pairs that show positive slopes in the case of
positive fractionations. It appears that an unusual behavior of oxygen isotope
fractionation occur between the two polymorphs of calcium carbonate if they
form at isotopic equilibrium from the same fluid. On the other hand, almost
constant fractionation values of 2.64 to 2:83& occur at 0–100 �C between
dolomite and calcite (Figure 2). This indicates that the dolomite–calcite
fractionations are insensitive to temperature, with the nearly constant 18O
enrichment in dolomite relative to calcite at thermodynamic equilibrium.
Dolomite formation proceeds by primary precipitation and secondary
replacement, either of which takes place in the presence of water. Oxygen
isotope fractionation in the course of dolomite formation is estimated to be
about 2– 6& heavier than calcite precipitated at 25 �C (Humphrey, 2000).
Land (1980) concluded that equilibriumoxygen isotope fractionations between
dolomite and calcite are most likely 3� 1& at 25 �C, a value gaining confir-
mation from naturally occurring dolomite–calcite mixtures of the PersianGulf
(McKenzie, 1981). These abnormal behaviors of oxygen isotope fractionations
between dolomite, calcite and aragonite may bring additional complexities to
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the interpretation of oxygen isotope partition in natural and experimental
samples.

9. Conclusions

Oxygen isotope data for carbonate assemblages have been extensively used
to understand the mode of their origin and the temperature of precipitation
from seawater. It is essential that the interpretation of natural variations in
oxygen isotope ratios depends on knowledge of the magnitude and tem-
perature dependence of isotopic fractionation factors between minerals and
fluids. It has been known for over a half of century that oxygen isotope
fractionations between calcium carbonate and water are temperature
dependent at thermodynamic equilibrium and thus can be used to deter-
mine past oceanic temperatures. Numerous thermometric calibrations
involving carbonates have been made on the basis of experimental, theo-
retical and empirical studies. Good agreements exist in oxygen isotope
fractionation factors for carbonate–water systems between theoretical cal-
culations and experimental determinations. In particular, the new experi-
mental data for dolomite and cerussite confirm the theoretical calculations
of Zheng (1999). This has not only testified validity of the assumptions
used in the increment method, but also provides physico-chemical basis for
application of the thermodynamic and kinetic data to isotopic geother-
mometry and geochemical tracing. According to the calibrations from the
different approaches, it appears that the direction of oxygen isotope frac-
tionation between calcite and aragonite is positive rather than negative at
thermodynamic equilibrium. In particular, the two-step overgrowth tech-
nique is an appropriate protocol for synthesizing calcium carbonates in
oxygen isotope equilibrium with water and dissolved carbonate species.
The increment method is a robust means for theoretical calculation of
oxygen isotope fractionation factors for crystalline minerals of geochemical
interest.

Notes

1. The oxygen isotope fractionation between two phases is a relative value and thus does
not matter with which standard is used for the concerned 18O/16O ratios. However, the

oxygen isotope composition of phases is an absolute value and thus their 18O/16O ratios
are reported in the conventional d18O notation with reference to a given standard of
either VSMOW or VPDB. In dealing with the oxygen isotope fractionations, of course,

the same standard is used for the internal consistency in any case.
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