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Experimental study of europium (III) coprecipitation with calcite
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Abstract—Partitioning of Eu(III) in calcite, CaCO3, was evaluated with the aim of collecting data on partition
coefficients and to enhance understanding of the incorporation mechanisms. This information will aid in the
interpretation of geological processes from rare Earth element (REE) data and in the use of Eu(III) as a
chemical analogue for the trivalent actinides, particularly Am(III) and Cm(III). Coprecipitation experiments
were carried out by the constant addition method at 25°C and PCO2 � 1 atm. Eu(III) was strongly partitioned
from the solution into calcite. For dilute solid solutions (XEu � 0.001), Eu partition coefficients were estimated
to be 770� 290 and found to be independent of calcite precipitation rate in the range of 0.02 to 2.7 nmol mg�1

min�1. This could be explained by the approximately equal values of the Eu partition and adsorption
coefficients. Several solid solution models were tested. A vacancy model for Eu2(CO3)3-CaCO3 is consistent
with the experimental results and constraints on geometry for Eu fit in the calcite lattice. For low Eu content,
vacancy density is independent of Eu concentration in the solid so logarithm of the ion activity product, log
(Eu)2(CO3

2�)3, depends linearly on log XEu
2. The fit of the data to such a model is good evidence that Eu(III)

is taken up as a true solid solution, not simply by physical trapping. A model using EuOHCO3-CaCO3 is also
consistent with the uptake stoichiometry, but EuOH2� substitution for Ca2� would be expected to distort the
calcite structure more than is compatible with such a high KD. Several other models, including EuNa(CO3)2-
CaCO3, were abandoned because their stoichiometric relationships did not fit the experimental
data. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION

Prediction of trace component migration in the environment
requires detailed understanding of the processes that control the
interaction of metal ions with minerals and rocks. Among the
controlling processes: surface complexation, ion exchange and
coprecipitation, the last is of particular interest because incor-
poration of a contaminant in a host mineral can lead to its
immobilization. Incorporation decreases the possibility of mi-
gration more effectively than simple adsorption because incor-
porated metal has the chance to be remobilized only by a
change in chemical conditions that are significant enough to
force dissolution of the host mineral (Tesoriero and Pankow,
1996).

Calcite is a common phase in many geological environments,
as primary particles in soils and sediments and as coatings or
cement between grains and as secondary minerals in fractures
and veins. Considerable information about the coprecipitation
of divalent metal ions with calcite already exists in the litera-
ture, including Sr2� (Lorens, 1981; Mucci and Morse, 1983;
Paquette and Reeder, 1995; Parkman et al., 1998), Cd2�

(Lorens, 1981; Davis et al., 1987; Tesoriero and Pankow,
1996), Ba2� (Tesoriero and Pankow, 1996), Mn2� (Lorens,
1981; Dromgoole and Walter, 1990); Co2� (Lorens, 1981);
Mg2� (Mucci and Morse, 1983); Fe2� (Dromgoole and Walter,
1990); and UO2

2� (Meece and Benninger, 1993). A thorough
compilation of coprecipitation data for trace metal uptake by
calcite has been made by Rimstidt et al. (1998) and Curti
(1999) but data to describe the behavior of the trivalent cations
are still mostly lacking.

We chose to investigate the coprecipitation of Eu(III) with
calcite, partly to gain a better understanding of REE abun-
dances in sedimentary materials, but mainly because it is a very
good chemical analog for the radiologically important Am(III)
and Cm(III). The ionic radius of Eu3� (0.95 Å) is not so
different from Ca2� (1.00 Å), meaning that if the discrepant
charge can be compensated, Eu3� can incorporate into calcite
with minimum distortion.

A few experimental studies have been carried out to investigate
Eu(III) behavior during its coprecipitation with calcite. Terakado
and Masuda (1988) determined the partition coefficients of REE
between calcite and aqueous solutions in free-drift experiments.
They found that REE concentrations, as well as other solution
parameters, changed dramatically with time during precipitation.
Using the same free-drift technique, Stipp et al. (2003) studied Eu
partitioning between various electrolyte solutions and calcite. The
experimental results, as well as field observation (Parekh et al.,
1977; Palmer, 1985), prove that calcite has high affinity for
Eu(III). Nevertheless, data obtained in this way are difficult to
interpret because it is impossible with free-drift data to relate REE
concentrations in the solution precisely to the corresponding con-
centrations in the precipitating calcite. Therefore, applicability of
these experimental data is severely limited. Zhong and Mucci
(1995) studied coprecipitation with calcite from artificial seawater
solutions containing a whole series of REEs. They performed
experiments under steady-state conditions using the constant ad-
dition technique. This method is probably best because it allows
the synthesis of solids with a nearly constant composition at a
given precipitation rate. Zhong and Mucci (1995) determined that
the partition coefficients of REEs ranged from 4180 for La3� to 60
for Yb3�. For Eu3�, the partition coefficient was determined to
average� 800, ranging from 210 to 1390.
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Some of the questions arising from the experiments on
calcite coprecipitation with trivalent metals, and in particular
the REEs, focus on the site and the character of their uptake.
Are REEs incorporated directly into the atomic structure of
calcite? If so, what is the mechanism for charge compensation
where heterovalent substitution results in trivalent ion incorpo-
ration in divalent sites?

Piriou et al. (1997) showed, using time-resolved laser fluo-
rescence spectroscopy (TRLFS), that sorbed Eu(III) can sub-
stitute for Ca in calcite. Stumpf and Fanghänel (2002) found
with the same technique, that Cm(III) is taken up onto bulk
calcite by replacement of Ca2� and that the Cm3� ion is
coordinated by six oxygens, just as Ca2� is coordinated by six
carbonate O’s in the calcite structure. There is evidence that
Cm3� has no direct contact with water molecules from the
aqueous solution. Zhong and Mucci (1995) observed that the
Na partition coefficient depends linearly on the total REE
content in calcite so on this basis, they suggested that Na� may
serve to satisfy the excess charge created by substitution of
REE3� in Ca2� sites. Elzinga et al. (2002) used extended X-ray
absorption fine-structure spectroscopy (EXAFS) to characterize
the local coordination of some REEs coprecipitated with cal-
cite. Their results also confirm substitution in the Ca site, but
for Nd3� and Sm3�, they suggested sevenfold coordination in
a modified Ca site. This contrasted with evidence for Dy3� and
Yb3�, which suggested strictly sixfold coordination. Elzinga et
al. (2002) concluded, that because Am3� and Cm3� have ionic
radii similar to Nd3�, their incorporation into calcite may result
in some distortion of the local structure. This prediction was not
confirmed by the observations of Stumpf and Fanghänel
(2002), whose data showed sixfold coordination of Cm3� in-
corporated into calcite. Thus, the charge compensation mech-
anism for such a heterovalent substitution remains unresolved.

Another important question in the understanding of copre-
cipitation behavior of trivalent cations, is to what extent pre-
cipitation rate affects trace component partitioning between a
growing solid and the aqueous solution. Because many natural
processes occur under chemical conditions that are far from
equilibrium, the successful application of experimentally ob-
tained partition coefficients requires knowledge of the signifi-
cance of precipitation rates.

Many efforts have been made experimentally to study the
effect of precipitation rate on partition coefficients of divalent
metals (Lorens, 1981; Mucci and Morse, 1983; Tesoriero and
Pankow, 1996). Generally, it was found that, the lower the
precipitation rate of the host mineral, the closer is the tracer’ s
partition coefficient to its equilibrium value. Thus, increasing
precipitation rate enriches the host mineral with the tracer if its
equilibrium partition coefficient, KD

0 � 1, and depletes the host
when KD

0 � 1. The only experimental work that investigated
the influence of calcite precipitation rate on the partition coef-
ficients of trivalent metals (REEs) is that by Zhong and Mucci
(1995). Their finding, that the partition coefficients of individ-
ual REEs are not affected by the calcite precipitation rate, was
quite unexpected. Wang and Xu (2001) proposed a conceptual
model that takes into account the effect of adsorption on metal
partitioning and as a limiting step, assumes the incorporation of
adsorbed cations into the bulk calcite structure. This model
provides a reasonable, qualitative explanation for the precipi-

tation rate independence of trivalent metal partitioning ob-
served by Zhong and Mucci (1995).

The objective of the work reported here was to investigate
calcite’ s affinity for Eu(III) as a model for the trivalent actin-
ides and to study the partitioning of Eu into calcite precipitated
from electrolyte solutions under strictly controlled experimen-
tal conditions. Experimental conditions and solution variables,
including calcite precipitation rate, pH, PCO2, and concentra-
tions of Ca and Eu were held constant throughout any given
precipitation experiment. By systematically varying Eu concen-
tration and calcite precipitation rate, their influence on Eu
partitioning could be determined. Using the stoichiometric re-
lationships of the data for Eu/Ca substitution and the thermo-
dynamic theory of solid solution formation (Lippmann, 1980),
an effort has been made to elucidate the mechanism of Eu
incorporation into calcite.

1.1. Partition Coefficient

As a solid grows from a solution at equilibrium, trace com-
ponents distribute between the two phases in a characteristic
manner. A general form of the fundamental law that controls
this distribution was introduced by Henderson and Kracek in
1927. For a particular case of divalent metal partitioning be-
tween calcite and aqueous solution, the partition coefficient can
be defined as:

KD �
XMe

XCa

�Ca	

�Me	
(1)

where XMe and XCa represent the molar fractions in calcite and
[Me] and [Ca], the molal concentrations in the solution. For
conditions where KD � 1, the crystal growing from the solu-
tion is enriched in the trace component with respect to the
solution; for values where KD � 1, the crystal is depleted in
trace component with respect to the solution.

A partition coefficient is assumed to be a function of tem-
perature and pressure, but not of the concentration of the trace
metal. Generally, it is possible to obtain KD from thermody-
namic considerations (Rimstidt et al., 1998; Curti, 1999):

KD �
Ks

Ca

Ks
Me

fCa

fMe

�Me2�

�Ca2�
(2)

whereKS
Ca and KS

Me represent the solubility products of calcite
and the trace metal carbonate, respectively, fCa and fMe denote
the activity coefficients of calcite and the trace metal carbonate,
and �Ca2� and �Me2� are the molal scale activity coefficients of
Ca2� and Me2� in the aqueous solution.

When both aqueous and solid solutions are ideal, partition
coefficients are simply determined by the ratio of the solubility
products of calcite and trace metal carbonate:

KD �
Ks

Ca

Ks
Me

(3)

The above formulation is true as long as the simple substitution
of Ca in the calcite lattice by a divalent trace metal, Me2�, is
considered. To obtain KD from thermodynamic considerations
for heterovalent substitution, e.g., for substitution of Eu3� for
Ca2�, one needs to know the mechanism of Eu incorporation
into calcite, which supposes a knowledge of the stoichiometry
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of the Eu-Ca substitution reaction. The main problem with that,
is knowing the charge compensation mechanism. We plan to
show that this stoichiometry can be different depending on the
kind of solid solution formed, that is, on the kind of Eu
carbonate end-member that results, as well as on the Eu con-
centration in the solid solution. Therefore, until the stoichiom-
etry of the substitution is elucidated, the a priori use of the
common partition coefficient for Eu-Ca substitution makes a
little sense. Thus, a partition coefficient as expressed by Eqn. 1
is not necessarily a thermodynamic constant that is independent
of Eu concentration and it may reflect only whether precipitated
calcite is enriched or depleted by europium with respect to the
solution. Moreover, it is well known (Chernov, 1980; Lorens,
1981; Mucci and Morse, 1983; Watson and Liang, 1995;
Tesoriero and Pankow, 1996; Wang and Xu, 2001) that when
the host mineral precipitates from an aqueous solution, there
exist several processes with a time-dependent nature, such as
diffusion relaxation in the bulk solid as well as in the contacting
solution, that can divert the partition coefficient from its equi-
librium value.

2. MATERIALS AND METHODS

For coprecipitation experiments, we used two types of calcite pow-
der. One of them was natural calcite (Mexico) which was crushed and
size-separated to remove particles smaller than 1 �m diameter by
settling in a water column. The second was reagent grade calcite
supplied by Sigma, which had particle size on the order of 10 microns.
Surface area of both materials was about the same, 0.25 m2/g, but the
particles of Sigma calcite were much more uniform in size than those
of the natural material. Based on sedimentation rates and Scanning
Electron (SEM) and Atomic Force (AFM) Microscopy images, diam-
eter of the Sigma powder was determined to be �10 to 20 �m and that
of the natural calcite ranged from �2 to 100 �m. The exact size
distribution of the natural material is not known. The commercial
powder was treated to remove the organic inhibitors added during
commercial synthesis by recrystallizing several times in vessels of
freshly deionized, hot (65°C) water under (100%) CO2 atmosphere by
a method adopted from Stipp and Hochella (1991). The crushed sample
was recrystallized in the same way for consistency and also in an
attempt to remove the defects introduced by crushing.

A method for the coprecipitation of Eu-bearing calcite was devel-
oped for these experiments that was very similar to that described by
Tesoriero and Pankow (1996) because it allows not only the synthesis
of solids of a nearly constant composition at a given precipitation rate,
but also because it allows direct comparison of measured Eu concen-
tration in the solution to its corresponding concentration in a freshly
precipitated calcite. For Eu, this was important because of the strong
tendency of this ion to distribute into calcite.

For each experiment, usually 100 mL of NaClO4 solution was
maintained at 25°C and PCO2 � 1 atm in a jacketed reaction vessel.
Weighed amounts of calcite powder were placed into the reaction
vessel to equilibrate the solution with calcite and to provide seed
material for the precipitation. The powder was maintained in suspen-
sion by an overhead propeller stirrer to prevent grinding of the powder
against the bottom. To minimize evaporation in long term experiments,
the CO2 gas was first bubbled through a 0.1 mol/L NaClO4 solution
before it was bubbled into the reaction solution.

Precipitation was induced by pumping the two separate solutions,
(Ca(ClO4)2 and Na2CO3), into the reaction vessel with a peristaltic
pump. The mixing of the two solutions caused calcite precipitation and
the rate of solution addition was used as the precipitation rate. Simul-
taneously, precipitation rate increased until it equaled the addition rate
of Ca and carbonate by the peristaltic pump. After steady-state precip-
itation rate was reached, where solution composition in the reaction
vessel (including pH) remained essentially constant, a small aliquot
(0.1–1 mL) of 7.5e-3 mol/L Eu(NO3)3 stock solution (pH � 5.1) was
added to the initial Ca(ClO4)2 stock solution. Introduction of the Eu

solution had no measurable effect on carbonate alkalinity or pH.
Pumping of the solutions continued as before, at the same rate, until a
second steady-state condition was reached where Eu concentration
remained constant. In some experiments, a Eu aliquot was added to the
initial Ca(ClO4)2 solution from the beginning and the steady-state
condition of constant Eu concentration, was awaited. The aqueous
phase was periodically sampled, filtered through 0.2 micron Sartorius
filters, and analyzed for Ca and Eu. This second steady-state condition
is the most important point in the experiment because the Eu molar
fraction in the solid at this second steady-state can be assumed to equal
the Eu molar fraction in the initial solution. More correctly, Eu molar
fraction in the last precipitate formed at steady state (XEu) can be
expressed as follows:

XEu �
�Eu	0 � �Eu	st

�Ca	0 � �Ca	st � �Eu	0 � �Eu	st (4)

where the superscript 0 and the superscript st denote the corresponding
molar concentrations in the initial solution and in the reaction vessel at
the second steady-state. These values of Eu molar fraction were then
used for determination of the Eu partition coefficients and other equi-
librium constants corresponding to the various proposed mechanisms
for Eu incorporation and the various kinds of Eu-calcite solid solution.

Eu concentrations of the feed solution were chosen such that the
solubility products of pure Eu solid phases (such as Eu2(CO3)3,
EuOHCO3, Eu(OH)3) were by no means exceeded to insure that Eu3�

could precipitate as a solid solution and not as a separate, pure Eu
phase. Aqueous speciation calculations for all experiments were per-
formed using PHREEQC (Parkhurst and Appelo, 1999) with inclusion
in the database of constants for Eu speciation (Hummel et al., 2002).

At the end of each experiment, the solid phase was rinsed for a few
minutes with a calcite-saturated solution, dried at 90°C for a day, and
then weighed. Several samples with the highest Eu loadings were
checked by X-ray diffraction. Calculations with expected intensities for
other Eu phases indicate that within a detection limit of �1%, no
crystalline materials other than calcite were found. A part of each solid
sample was dissolved in 3.5 mol/L HNO3 and analyzed for Eu and Na.
The solid composition values for Eu were not used for examination of
XEu values obtained using Eqn. 4 because of the large errors in
determination of solid composition. They resulted from the errors of the
overgrowth mass estimation as well as from the uncertainties of the
overgrowth composition over the course of the pre–steady state period.
Ca and Na concentrations were determined by atomic absorption spec-
trophotometry (AAS) (Perkin-Elmer 5100) with precision better than
�2%. Eu concentration was determined by ICP-MS using the isotope
dilution method (Baker et al., 2002) on a portion of the solution spiked
with Eu and passed through a resin column to reduce interference by
Ca2�. The detection limit for Eu was � 0.05 nmol with precision �2%
for solutions with [Eu] � 1 nmol and �5% for solutions where [Eu] �
1 nmol.

3. RESULTS AND DISCUSSION

A first steady-state condition with constant calcite precipitation
rate was usually reached within 25–30 h after beginning a run,
depending on initial Ca(ClO4)2 concentration. After the aliquot of
Eu stock solution was added, Eu concentration in the reaction
solution increased and a second steady-state condition with con-
stant Eu concentration was attained within 3–5 d, depending on Ca
and Eu initial concentrations. As Tesoriero and Pankow (1996)
reported for Cd coprecipitation with calcite, attainment of the
second steady-state condition is direct evidence of solid solution
formation. During such experiments, the increase in available
surface area is insignificant, certainly incompatible with the in-
creased rates of Eu removal. If simple adsorption was responsible
for uptake, rather than reaching steady-state, Eu concentration
would continue to increase in the reaction vessel until the
Eu2(CO3)3 or EuOHCO3 solubility product was reached and a
separate, pure phase would precipitate.
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The experimental conditions, including aqueous and solid
compositions as well as calcite precipitation rate, are given in
Table 1. One can see that Eu molar fractions calculated using
Eu and Ca aqueous concentrations in the feed solution are
always higher than those obtained using their concentrations in
the calcite overgrowths. This occurs because composition of
the solid is not uniform. Aside from the mass of the calcite seed
grains, with their overgrowths precipitated during the attain-
ment of first steady-state (which are free of Eu and easy to
account for), the total mass of the resulting material also
contains overgrowths with Eu coprecipitated during the period
where the system was attempting to reach its second steady-
state condition. From the moment when Eu was first added to
the Ca(ClO4)2 feed solution until the attainment of the second
steady-state condition, Eu concentration in the solution was not
constant, so its incorporation into calcite was not constant.
Therefore, for the calculation of Eu partition coefficients, we
used the values of Eu molar fraction in calcite calculated from
the solution concentration data only. In some runs, where
precipitation rates were low, the overgrowth mass was too
small to allow determination of Eu or Na with sufficient accu-
racy to be useful. Thus the data determined from the solids have
not been used for any of the calculations.

3.1. Precipitation Rate Effect

To obtain the equilibrium KD values required for modeling,
the system is assumed to be in equilibrium, that is, the chemical

potential of each component is the same everywhere in the
system. This assumes that all phases are equilibrated with each
other and the spatial distribution of a component is uniform.
Partition coefficients determined for natural systems as well as
those estimated from experimental data usually differ from
equilibrium values because the conditions both in natural en-
vironments and in experiments rarely reach equilibrium. Thus,
distribution of a trace component in the growing crystal is
effectively determined by some kinetic process. It is well-
known that the trace concentration is controlled by the mech-
anisms of statistical selection in the interfacial region and
diffuse relaxation in the bulk crystal and in the surrounding
solution. The composition of the adsorption layer is generally
different from that in the bulk crystal. If the crystal grows,
some ions bound in the surface layer have to be transferred
back to the solution. But if crystal growth is rapid, they may be
trapped and buried in the freshly precipitated material, resulting
in solid concentrations that deviate substantially from those
predicted by equilibrium partitioning between the crystal and
its surroundings. The effectiveness of this entrapment process
depends on the interplay between the growth rate of the crystal
and the diffusivity in the boundary layer of the crystal, which
determines how efficiently a component can reach the surface
by diffusion through the solution. Models developed to explain
the partitioning of trace elements between a solution and a
growing crystal are based on the Berthelot-Nernst distribution
law (McIntire, 1963):

Table 1. Experimental conditions for coprecipitation runs.

Na
[Ca]0

(mol/L)
[Ca]

(mol/L)
[Eu]0

(mol/L)
[Eu]

(mol/L)

Ionic
strength
(mol/L) pH

Run
durationb

(min)

R (10�9

mol/mg
min) XEu

c XEu
d XNa

d KD
e

1n 0.0284 0.0109 2.76e-7 1.85e-10 0.1327 6.16 4350 0.15 1.58e-5 — — 929
2n 0.0203 0.0078 1.04e-7 1.36e-10 0.0381 6.11 4560 0.09 2.21e-5 — — 477
3n 0.0340 0.0101 1.61e-6 4.30e-10 0.1103 6.06 3960 0.11 6.71e-5 — 8.7e-4 1575
4n 0.0342 0.0100 1.58e-7 1.10e-10 0.1100 6.07 6480 0.08 6.58e-6 — 7.0e-4 588
5n 0.0341 0.0101 1.92e-6 5.47e-10 0.0803 6.09 5880 0.09 8.09e-5 — 4.8e-4 1492
6n 0.0350 0.0108 1.23e-6 9.30e-10 0.0824 6.08 5940 0.17 5.17e-5 — 1.35e-3 601
7n 0.0347 0.0094 2.90e-7 1.51e-10 0.0960 6.07 5550 0.12 1.17e-5 — — 729
8s 0.0643 0.0120 1.21e-6 5.32e-10 0.0960 6.14 5130 1.36 2.29e-5 2.1e-5 2.1e-4 518
9s 0.0645 0.0122 1.12e-6 4.05e-10 0.0968 6.09 4350 2.71 2.29e-5 2.1e-5 2.4e-4 694
10n 0.0370 0.0113 1.51e-6 6.58e-10 0.0830 6.02 6300 0.02 5.86e-5 — — 1006
11n 0.0336 0.0084 3.00e-6 1.51e-9 0.0667 6.07 4020 0.20 1.19e-4 — — 658
12s 0.0374 0.0119 1.50e-5 6.67e-9 0.0854 6.02 5760 0.20 5.89e-4 — — 1052
13s 0.0622 0.0110 1.29e-6 4.27e-10 0.0812 6.03 5580 0.67 2.52e-5 1.6e-5 3.7e-4 650
14s 0.0605 0.0098 3.27e-6 8.36e-10 0.0854 6.05 4440 0.66 6.45e-5 2.3e-5 — 752
15s 0.0637 0.0128 8.0e-6 2.88e-9 0.0798 6.02 6360 0.55 1.57e-4 1.1e-5 — 698
16s 0.0613 0.0103 4.02e-6 1.30e-9 0.0848 6.04 4800 0.61 7.84e-5 7.2e-5 2.7e-4 618
17s 0.0627 0.0123 1.50e-5 4.82e-9 0.0610 6.01 7080 0.52 2.98e-4 1.3e-5 1.0e-4 756
18s 0.0375 0.0110 1.98e-6 1.42e-9 0.0584 6.01 6300 0.04 7.49e-4 — — 580
19s 0.0362 0.0098 1.01e-5 4.70e-9 0.0601 6.05 6300 0.10 3.79e-4 — — 790
20s 0.0368 0.0107 1.01e-5 6.93e-9 0.0584 6.03 6990 0.04 3.83e-4 — — 590
21s 0.1163 0.0127 7.51e-6 1.09e-9 0.1481 6.05 6210 1.61 7.24e-5 6.7e-5 — 844
22s 0.1165 0.0143 1.51e-5 2.80e-9 0.1629 6.08 6210 1.60 1.48e-4 1.1e-4 — 756
23s 0.1168 0.0126 2.98e-6 2.95e-10 0.1578 6.03 5640 1.40 2.86e-5 3.0e-5 — 1222
24s 0.1176 0.0126 8.30e-7 3.25e-10 0.1428 6.03 5880 1.41 7.89e-6 7e-6 — 306

a n and s indicate runs with natural and synthetic calcite, respectively.
b Time from the moment of Eu addition to the end of the run.
c Calculated from the solution concentration data according to Eqn. 4.
d Obtained from the solid concentration data.
e Calculated according to Eqn. 1.
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kD �
Cs

Cl
(5)

where kD is the distribution coefficient, Cs and Cl are concen-
trations of the trace component in the solid and the liquid.
Diffuse relaxation of the distribution coefficient depends on
precipitation rate as follows (Chernov, 1980):

kD � kD
0 � 
kst � kD

0 �exp� �
Ds

R � h� (6)

where k0
D represents the equilibrium distribution coefficient,

kst, the distribution coefficient on the growing step of the
crystal, Ds, the diffusion coefficient of trace component in the
crystal, R, the linear normal growth rate and h, the height of the
growing step.

This equation does not take into consideration the similar
diffuse relaxation in the surrounding solution where interplay
between the crystal growth rate, the transfer of a species from
the solution to the surface, and chemical reaction at the surface
take place. During fast crystal growth, the rate of the adsorption
process is often diffusion controlled and the concentration
depends on the distance from the crystal surface. Therefore, at
high precipitation rates, a growing crystal may trap a species at
the ratio of their diffusivities in the bulk solution, which is
always nearly 1, and kD tends to 1. When diffusion is not
limiting, the solution is able to supply the boundary layer,
adsorption is nearly at equilibrium, so at very low precipitation
rates, kD approaches its equilibrium value. Between these lim-
iting cases, a variety of opportunities for kD exist to take values
from kD to 1. Depending on the ratio between the equilibrium
adsorption and distribution coefficients, kst

0 and kD
0 , kD may

even be an extreme function of the precipitation rate (Dubinina
and Lakshtanov, 1997). On the other hand, at low to moderate
precipitation rates and when the local conditions within the
boundary (or adsorption) layer approach equilibrium, Eqn. 6
can be considered as a good approximation. It can be easily
seen from this equation that a special case exists when kst0 and
kD0 have similar values. Then, the distribution coefficient, kD,
is independent of precipitation rate and there is a proximity
between kD and kD0 for any value of precipitation rate. This is
very similar to the concept of Wang and Xu (2001).

For highly charged cations such as Eu, the distribution co-
efficient is independent of precipitation rate because their ad-
sorption coefficients are large (Zhong and Mucci, 1995) and
close to the value of the partition coefficient. Figure 1 shows
the Eu partition coefficient, as expressed by Eqn. 1, plotted as
a function of calcite precipitation rate. There is essentially no
dependence of the Eu partition coefficient on precipitation rate
over the range from 0.02 to 2.7 nmol mg�1 min�1. Moreover,
there is no difference in behavior for the two calcite powders,
in spite of the difference in their size distribution functions.

For a spherical particle, Chernov (1980) expressed the linear
growth rate, v, as:

� �
��
�C�

1 �
�r

Dl

(7)

where � represents the kinetic coefficient of crystal interface
growth, � denotes the molecular volume, �C, the oversatura-

tion value, Dl, diffusion coefficient in the solution and r, the
radius of the particle. Although the two sample materials have
nearly the same specific surface area, the crushed natural calcite
consists of particles with a much wider size distribution. At the
same supersaturation value, small particles (�1 �m) must grow
noticeably faster than larger particles (10–100 �m). For exam-
ple, depending on temperature, the growth rates of small (a few
microns) and larger (tens and hundreds of microns) particles of
quartz can differ by several times (Dubinina and Lakshtanov,
1997). Therefore, if Eu partitioning to calcite is to be affected
by calcite precipitation rate, there should be a distinct differ-
ence between the two powders but Figure 1 shows there is no
significant difference in the partition coefficients for the two
materials. This is also consistent with an independence of Eu
partitioning on precipitation rate. Thus, one can suppose that all
partition coefficients obtained at the various precipitation rates
are free of kinetic effects and can be considered as equilibrium
values.

Figure 2 shows a plot of the Eu molar fraction in the solid,
XEu, vs. the steady-state ratio of Eu and Ca concentrations in
the solution, [Eu]/[Ca], which is probably very close to the
equilibrium case. The relationship is linear as well as nearly
directly proportional (slope � 1). Such dependence is a reason
why the Eu partition coefficient, KD, is independent of both
XEuand [Eu] (not shown here), although in the case of heterova-
lent substitution, when several mechanisms of tracer incorpo-
ration can exist, KD as expressed by Eqn. 1 is a relatively
abstract quantity. The average value determined for the Eu
partition coefficient, 770, is very close to 800, the average
obtained by Zhong and Mucci (1995). However, they reported
that the partition coefficients of the LREEs, including Eu,
showed a positive correlation with their absolute solution con-
centrations, so an increase of [Eu] has to be associated with a

Fig. 1. Eu partition coefficient, KD, plotted as a function of calcite
precipitation rate, R. Open symbols denote KD obtained for crushed and
sieved natural calcite; closed symbols, commercial, synthetic “Sigma”
calcite.
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disproportional decrease of XLREE, not an increase as Zhong
and Mucci (1995) write. This means that in the case of eu-
ropium, XEu � [Eu]n with n � 1. We show, in the following
discussion, that would be impossible to explain using any of the
conceivable models of Eu incorporation into calcite.

3.2. Modes of Eu Partitioning to Calcite

Let us use the relationship between mole fraction in the solid
and relative solution concentration to consider several solid
solution models for explaining charge compensation for Eu
coprecipitation in calcite.

3.2.1. Eu2x(CO3)3-CaCO3Solid Solution

Consider the Eu2x(CO3)3-CaCO3solid solution where x sym-
bolizes a cation vacancy. A crystal usually contains many types
of defects. One category can be distinguished as an “outer”
defect, where an admixed or trace atom is included together
with a vacancy to compensate for the charge discrepancy
between the trace and the substituted atom. In addition, a real
crystal contains many of its own or “ intrinsic” defects that are
not immediately related to the presence of trace atoms (Urusov
et al., 1997; Urusov and Dudnikova, 1998). Long ago, Kelting
and Witt (1949) developed a thermodynamic description of the
interaction of a heterovalent tracer with vacancies using as an
example, the halogenides of divalent alkali metals. Adopting
that method, we can describe incorporation of trivalent Eu3�

into calcite by formation of a cation vacancy, x, as:

2Eu3� � 3CaS
2� � 2EuS

3� � x � 3Ca2�. (8)

Two limiting cases can be distinguished.
a) For situations where Eu concentration in the solid is much

higher than that of intrinsic defects, then vacancy concentration
is determined by Eu concentration in the solid: Xx � 1⁄2 XEu.

Thus, substituting for Xx, the equilibrium constant for the
substitution model represented by Eqn. 8 can be written as:

K1 �
XEu

2 Xx

XCa
3


Ca2��3


Eu3��2 �
XEu

3

XCa
3


Ca2��3


Eu3��2 (9)

where the factor, 1⁄2 , is included in the constant.
Solubility of the solid solution is described by two equations

(Lippmann, 1980), one relating the concentration of
Eu2x(CO3)3 in the ideal solid solution with the activities of the
Eu3� and CO3

2� ions in the aqueous solution:


Eu3��2
CO3
2��3 � Ks

Eu2x
CO3�3 XEu2x
CO3�3 (10)

and the other relating the concentration of CaCO3 in the ideal
solid solution to the activities of the Ca2� and CO3

2� ions in
the solution, i.e.,


Ca2��3
CO3
2��3 � Ks

Ca
3XCa

3, (11)

where KS
Eu2x(CO3)3

and KS
Ca represent the solubility products

for the Eu2x(CO3)3
and CaCO3 end members.

Dividing Eqn. 11 by Eqn. 10, we have

XEu2x
CO3�3

XCa
3


Ca2��3


Eu3��2 �
Ks

Ca
3

Ks
Eu2x
CO3�3

� Const. (12)

Comparison of Eqn. 12 with Eqn. 9, shows that from Eqn. 12,
XEu2x(CO3)3

should be equal to XEu
3 from Eqn. 9. So one can

rewrite Eqn. 10 as follows:


Eu3��2
CO3
2��3 � Ks

Eu2x
CO3�3s XEu
3 (13)

Inspection of Eqn. 9 shows that if (Ca2�) is constant, as is
approximately the case in our experiments because of constant
pH and PCO2, then europium activity in solution, (Eu3�), is
expected to be proportional to XEu

3/2 instead of XEu, which we
observe from the experimental data. As well, this applies for
the ion activity product, which according to Eqn. 13 is expected
to be proportional to XEu

3 instead of the experimental slope 1
(Fig. 2). Thus, this model must be abandoned because it con-
tradicts the experimental results.

b) In the case of very low Eu incorporation, where its
concentration is much lower than that of intrinsic defects, the
concentration of “outer” defects (i.e., those directly connected
with incorporated Eu) is negligible. Concentrations of cation-
(x) and anion- (y) vacancies should be equal to each other and
connected by the equilibrium condition:

Kx � 
 x�
 y� and 
 x� � �Kx. (14)

One can see that this condition decreases XEu by one power in
the expression for the equilibrium constant of substitution Eqn.
8 compared to Eqn. 9:

K2
' �

K


�Kx

�
XEu

2

XCa
3


Ca2��3


Eu3��2 (15)

For the ion activity products of the end members, Eqns. 10 and
11 are valid as before but in this case, comparison of Eqns. 12
and 15 shows that from Eqn. 10 XEu2x(CO3)3

should be equal to
XEu

2 from Eqn. 15. For this case, we rewrite Eqn. 10 as:

Fig. 2. Eu molar fraction in the solid, XEu, as a function of the steady
state Eu to Ca concentrations ratio in the solution, [Eu]/[Ca]. The
straight line is an approximation equation, XEu � 769*([Eu]/[Ca])1.001.
Open symbols denote results obtained for the natural calcite; closed
symbols, the commercial powder, “Sigma” calcite.
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Eu3��2
CO3
2��3 � Ks

Eu2x
CO3�3
XEu

2 (16)

Thus, in this model, the equilibrium Eu concentration in solu-
tion and the ion activity product are both proportional to the
europium molar fraction in the solid, XEu. This relationship
corresponds with the experimental data (Figs. 2 and 3).

One can see from Figure 3 that although there are two lines
corresponding to each of the sides of Eqn. 16, these lines are
essentially parallel; they do not coincide. Extrapolation of the
fitting line for the ion activity product’ s experimental data to
XEu � 1 gives the value 33.1 for �log K. In accordance with
Eqn. 16, this value is the solubility product of the Eu2 x (CO3)3

end-member which must differ from the solubility product of
crystalline Eu2(CO3)3, �log K � 35.0 (Hummel et al., 2002).
Indeed, it has to be expected that the crystal structure for pure
Eu2(CO3)3 should be different than that of the Eu2 x(CO3)3

end-member. When two Eu3� substitute for three Ca2� in the
calcite structure; forming the vacancy solid solution, the atomic
arrangement of the latter probably to some extent inherits the
calcite structure, at least this is true for low Eu content. It is not
surprising then, that the solubility of such a disordered Eu2

x(CO3)3 is higher than that of Eu2(CO3)3.

3.3.2. EuOHCO3-CaCO3Solid Solution

In this case, one can imagine several possibilities depending
on the location of hydroxide ion.

a) Simple substitution

EuOH2� � Cas
2� � EuOHs

2� � Ca2� (17)

implies no charge imbalance. Incorporation of the single
EuOH2� unit into the calcite structure implies that OH� occu-

pies the same site as Eu3�. The equilibrium constant for this
substitution is:

K3 �
XEu

XCa


Ca2��

KEuOH
Eu3��
OH��
(18)

or

K3
' �

XEu

XCa


Ca2��


Eu3��
OH��
(19)

where KEuOH is the formation constant for the EuOH2� aqua
complex. The corresponding ion activity product can be written
for this case as follows:


Eu3��
OH��
CO3
2�� �

Ks
EuOHCO3

KEuOH
XEuOHCO3, (20)

where KS
EuOHCO3

represents the solubility product of the EuO-
HCO3 end member. Using the same procedure as in the previ-
ous case, one can deduce that (Eqn. 20) equals XEu from Eqn.
19.

We can see that (Eu3�) is proportional to XEu and therefore,
this model would satisfy the experimental data (Fig. 2). How-
ever, substitution of a large entity such as EuOH2�into a Ca
site would be expected to lead to a significant distortion of the
calcite lattice, resulting in very low partition coefficients, which
is at variance with the experimental data. Stumpf and Fang-
hänel (2002) reported that TRFLS data from Cm(III) incorpo-
rated in the same natural calcite that we used, indicated no OH
in the first coordination sphere but their recent investigations of
Eu(III) in a natural calcite sample, suggest that OH or H2O may
occur in the first coordination shell for Eu(III). Further work on
this question is in progress.

b) Another possibility for hydroxide ion is substitution in
CO3

2� sites that are separated from sites occupied by Eu3�.
This model does not require much distortion of the calcite
structure. It implies again, as in case 1, formation of solid
solution with vacancies:

Eu3� � OH� � 2Cas
2� � 2CO3s

2� � Eus
3� � x � OHs

�

� CO3s
2� � 2Ca2� � CO3

2� (21)

By analogy to case 1, two limiting cases can be described: one,
where Eu concentration in the solid is much higher than that of
thermal defects, so vacancy concentration is determined by Eu
concentration in the solid: Xx � XEu. If at least one hydroxide
ion corresponds to each Eu3�, then XOH � XEu and we can write
the equilibrium constant as:

K4 �
XEu

3

XCa
2XCO3


Ca2��2
CO3
2��


Eu3��
OH��
(22)

where (Eu3�) is proportional to XEu
3. This contradicts the

experimental data as well.
The second limiting case is where XEu is very low and defect

concentration is nearly constant. In this case, the equilibrium
constant looks as follows:

K5 �
XEu

2

XCa
2XCO3


Ca2��2
CO3
2��


Eu3��
OH��
(23)

Although the power on XEu is decreased compared to the

Fig. 3. Ion activity product, (Eu3�)2 (CO3
2�)3 vs. Eu molar fraction

in the solid, XEu. The darker line represents the solubility constant for
the Eu2(CO3)3 end member multiplied by XEu

2. Open symbols denote
results obtained for the natural calcite; closed symbols, “Sigma” cal-
cite.
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previous equation, the presence of the hydroxide ion in the
solid makes the ratio too high to correspond to the experimental
data.

c) One can imagine one more possibility of compensating for
the excess charge developed during substitution of Eu3� for
Ca2�. Substitution of OH� for CO3

2� can be expressed:

Eu3� � OH� � CO3
2� � Cas

2� � CO3s
2� � Eus

3� � OHs
�

� CO3s
2� � Ca2� � CO3

2� (25)

from which one can write:

K6 �
XEuXOH

XCa


Ca2��


Eu3��
OH��
(26)

Again, because XEu has to be equal to XOH, we can rewrite Eqn.
26:

K6 �
XEu

2

XCa


Ca2��


Eu3��
OH��
(27)

This case does not satisfy the experimental data, because
(Eu3�) � XEu

2. All the more, this case holds when more than
one OH� takes part in the substitution.

3.3.3. EuNa(CO3)2-CaCO3 Solid Solution

Finally, we consider the coupled substitution of Eu with Na
as:

Eu3� � Na� � 2Cas
2� � Eus

3� � Nas
� � 2Ca2�. (28)

Na is one of the major components of natural ground waters so
it is present to some degree in all natural calcites, either as fluid
inclusions or substituted within the structure. It is also present
as a trace component in synthetic commercial products. In spite
of a weak tendency for alkali metals to be incorporated into
calcite (Curti, 1999), such a substitution is quite promising for
explanation of charge compensation in Eu substitution because
of its usual presence and because its ionic radius is very similar
to that of both Ca2� and Eu3�. In our experiments, Na was
present as the cation in the CO3 feed solutions and as NaClO4,
the ionic strength controller and it was also present in the
experiments of Zhong and Mucci (1995), who used artificial
sea water. They observed a strong positive correlation between
total REE concentration and the Na� partition coefficient in the
calcite overgrowths. Further support for the possibility of Na
substitution comes from the occurrence of Ca-alkali metal-
lanthanide carbonates, e.g., KM(CO3)2 (M � Nd, Gd, Dy, Ho,
Yb) (Kutlu et al., 1997).

We can write an equilibrium constant for reaction 28

K7 �
XEuXNa

XCa
2


Ca2��2


Eu3��
Na��
(29)

If Na content in calcite is not much higher than that of Eu, as
is the case for our experiments (Table 1), then the expression
for the equilibrium constant is:

K7 �
XEu

2

XCa
2


Ca2��2


Eu3��
Na��
(30)

because XNa should be equal to XEu.

For the solubility products, one can write the following
expressions:


Eu3��
Na��
CO3
2��2 � Ks

EuNa
CO3�2XEuNa
CO3�2 (31)

and


Ca2��2
CO3
2��2 � Ks

Ca
2XCa

2 , (32)

where KS
EuNa(CO3)2

represents the solubility product for Eu-
Na(CO3)2 end member. Dividing Eqns. 32 by 31 and compar-
ing with Eqn. 30 shows that XEuNa(CO3)2

(Eqn. 31) has to be
equal to XEu

2 from Eqn. 30. It is easy to see that in this case
(Eu3�) should be proportional to XEu

2. This model does not fit
the experimental data. Indeed, no correlation can be observed
between Eu and Na concentrations in calcite (Table 1). The
mechanism for Na incorporation during calcite growth is prob-
ably simple occlusion or trapping in crystal defects or perhaps
in fluid inclusions. The absence of a stoichiometric relationship
between Na, Ca and Eu indicates that Na does not alone serve
as the charge compensating species. This fits with the findings
of Busenberg and Plummer (1985) from studies of calcite
precipitation in Na� and SO4

2� bearing solutions. They ob-
served that Na� does not follow the Berthelot-Nernst distribu-
tion law, and the amount incorporated into the calcite structure
is determined by the number of crystal defects. This agrees with
the experimental results of White (1975) and Ishikawa and
Ichikuni (1984) who suggested that Na� occupies interstitial
positions in the calcite crystal. Busenberg and Plummer (1985)
remarked, “The number of defects present in the crystal struc-
ture is dependent on the method of preparation, rate of crystal
growth, ionic substitution, composition of the solutions, etc.
The numerical values of the experimental distribution coeffi-
cients from different studies vary by a factor of 30.”

4. SUMMARY

Thus, these results show that Eu from solution is strongly
partitioned by calcite and uptake is independent of precipitation
rate and particle size, meaning that elements with behavior
similar to Eu, such as americium and curium, would be ex-
pected to be sequestered by calcite. It also suggests that the
rather low concentrations of rare Earth elements (REE) in
natural calcites result from low concentrations in solution
rather than an inability of calcite to accommodate REE ions.
From analysis of the possible mechanisms for europium incor-
poration into calcite and their corresponding stoichiometries,
one can conclude that only models which show straight lines
with slope close to 1 in a logarithmic plot of [Eu] vs. XEu are
compatible with the experimental data obtained. These are the
models that correspond to a solid solution with EuOHCO3 or
with Eu2 x(CO3)3 as the end member. Substitution of two Eu
atoms and one vacancy in three Ca sites fits the stoichiometric
relationships of the experimental data and the constraints of
geometry in the calcite lattice. Formation of a EuOHCO3-
CaCO3 solid solution is suspicious, because it is difficult to
imagine how the incorporation of such a large unit as EuOH2�

could result in the observed high values (KD� 800) for the Eu
partition coefficient. The evidence of Stumpf and Fanghänel
(2002), that no hydroxide ion is found in the first coordination
sphere of Cm(III), supports this interpretation but complete
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rejection of this model requires further spectroscopic data. All
other models or any combination of them give a stoichiometry
[Eu]/XEu higher than 1. The picture is exactly the same for
comparisons with the ion activity product examined as a func-
tion of Eu molar fraction in the solid, XEu. The slope fits the
experimental data only in the case of the Eu2 x(CO3)3-CaCO3

and EuOHCO3-CaCO3 solid solutions (Fig. 3).
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