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Abstract—The thermodynamics of dilute Eu-calcite solid solutions formed under widely different pH-pCO,
conditions at 7= 25°C and p = 1 bar were investigated using three sets of Eu(Ill) uptake experiments, two
of which were taken from the literature: (a) recrystallization in synthetic cement pore water at pH ~ 13 and
pCO, ~ 1073 bar (this work); (b) coprecipitation in 0.1 M NaClO, at pH ~ 6 and pCO, ~ 1 bar; (c)
coprecipitation in synthetic seawater at pH ~ 8 and pCO, ranging from 3 X 10~ to 0.3 bar.

Solid solution formation was modeled using the Gibbs energy minimization (GEM) method. In a first step
(“forward” modeling), we tested ideal binary solid solution models between calcite and the Eu end-members
Eu,(CO,); EuNa(COs;),, Eu(OH)CO; or Eu(OH);, for which solids with independently measured solubility
products exist. None of these four binary solid solutions was capable of reproducing all three experimental
datasets simultaneously. In a second step (“inverse” modeling), ideal binary solid solutions were constructed
between calcite and the candidate Eu end-members EuO(OH), EuH(CO5), and EuO(COs;), s, for which no
independent solubility products are available. For each single data point and each of these end-members, a free
energy of formation with inherent activity coefficient term (G, = G, + RT Iny,) was estimated from “dual
thermodynamic” GEM calculations. The statistical mean of G, was then calculated for each of the three
datasets. A specific end-member was considered to be acceptable if a standard deviation of + 2 kJ mol ™' or
less resulted for each single dataset, and if the mean G,-values calculated for the three datasets coincided. No
binary solid solution with any of the seven above mentioned end-members proved to satisfy these criteria.

The third step in our analysis involved consideration of ternary solid solutions with CaCO; as the major
end-member and any two of the seven considered Eu trace end-members. It was found that the three datasets
can only be reproduced simultaneously with the ternary ideal solid solution EuH(CO5), — EuO(OH) — CaCO;,
setting Grucosp = —1773 kJ mol ! and Gruoomy = —955 kI mol !, whereas all other end-member
combinations failed. Our results are consistent with time-resolved laser fluorescence data for Cm(III) and
Eu(IIl) indicating that two distinct species are incorporated in calcite: one partially hydrated, the other
completely dehydrated. In conclusion, our study shows that substitution of trivalent for divalent cations in
carbonate crystal structures is a more complex process than the classical isomorphic divalent-divalent
substitution and may need consideration of multicomponent solid solution models. Copyright © 2005
Elsevier Ltd

1. INTRODUCTION In some cases, contaminant sequestration can be successfully
modeled as a binary mixture of two isomorphous end-members

1.1. Background with known solubility products, but the structure and stoichi-

The mobilization of toxic pollutants from nuclear and con-
ventional waste repositories may threaten the safety of humans
and other life forms. Fortunately, chemical retention processes
will often reduce the flux of contaminants to the biosphere.
Accordingly, engineered barriers with favorable properties are
commonly foreseen in the design of waste disposal facilities.
For instance, some nuclear waste repository concepts rely on
the adsorption capacity of bentonite backfills (NAGRA, 2002;
SKB, 1999).

Although the formation of solid solutions has long been
recognized as a mechanism of contaminant retention, this pro-
cess, in contrast to adsorption, is seldom considered in safety
assessments for repository sites. Two reasons for this oversight
are (i) the inherent complexity of thermodynamic solid solution
models and (ii) the lack of experimental parameters necessary
for a quantitative treatment.
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ometry of the minor end-member (representing the contami-
nant) are often unknown. Specifically, most radionuclides do
not form solids that are fully isomorphic with common host
minerals like clays, carbonates, sulfates, hydroxides, and cal-
cium silicate hydrates in cement systems. The major cations in
these host minerals are monovalent or divalent (alkali, alkaline
earths and transition metals) whereas actinides, e.g., Am(III),
Cm(I1I), Pu(II/IV/VI), UJILIV,VI), NpV/V/VI), Th(IV) and
fission products like Tc(IV), Se(IV/VI), Sn(1V), Zr(IV) have
higher valencies. Consequently, the coordinative environment
of most radionuclides in common secondary phases will prob-
ably differ from that of the substituted major cation.

1.2. Homovalent and Heterovalent Substitution

In addition to possible deformations induced by differences in
ionic radii, the problem of local charge balance has to be consid-
ered. For example, substitution of Am** or Th** for Ca®>" in
calcite leads to an excess of positive charge in the vicinity of the
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substituted ion, which must be compensated. There are three
fundamental mechanisms providing local charge balance: (i) cou-
pled ion substitution; (ii) ion substitution adjacent to a vacant site;
and (iii) coordinative rearrangements. The first mechanism can be
exemplified by the substitution of two adjacent Ca®" ions by one
Eu*" and one Na™ ion in the lattice. The second mechanism can
be illustrated by the substitution of two Eu** ions and one vacant
cation site for three contiguous Ca®" ions. Finally, the third
mechanism calls for a lattice deformation and changes in the local
coordination environment of the substituted ion, so that charge is
balanced on a local scale. For instance, as an alternative to mech-
anism (ii), an entire Ca;(CO;); group could be replaced by a
single electroneutral Eu,(CO;); group with a structure differing
from that of pure calcite, inducing a localized lattice strain. As a
result, the third (vacant) octahedral site would be eliminated and
the number of coordinating CO3~ groups per cation would in-
crease.

From the preceding considerations, it follows that there is no
obvious solution to the problem of predicting the correct stoichi-
ometry and structure for a minor end-member in the case of
heterovalent substitution. In turn, this complicates the thermody-
namic modeling of such solid solutions (see e.g., Mclntire, 1963).

1.3. Outline and Objectives of this Study

In the past years, special attention has been paid to the study
of chemical reactions between rare-earth elements (REE) and
minerals/rocks in conjunction with nuclear waste disposal. Be-
sides being part of the radioactive waste inventory, light REEs
like Eu(IIl) and Nd(III) are frequently used as analogues of
long-lived trivalent actinides (***Am, 2*°Cm, and 2*°Cm),
which contribute considerable a-activities in high-level radio-
active waste (NAGRA, 2002; SKB, 1999).

In this study, we investigate the interaction of trace amounts
of Eu(Ill) with calcite, using three sets of experiments carried
out under widely different conditions and with different tech-
niques. The first set includes experiments performed in our
laboratory with artificial cement pore water (ACW) presatu-
rated with calcite and portlandite at pH ~ 13. In this medium,
predefined amounts of tracer-free calcite were allowed to re-
crystallize in the presence of different initial concentrations of
'52Eu tracer for two weeks. In the second set of experiments,
carried out by Lakshtanov and Stipp (2004) using the pH-stat
technique described by Tesoriero and Pankow (1996), calcite
was precipitated from oversaturated solutions at pH ~ 6 and
pCO, = 1 bar in the presence of varying amounts of dissolved
Eu. The third set considered in this study is a series of copre-
cipitation experiments performed in synthetic seawater at pH
~ 8 and pCO, ranging from 3 X 10~* to 0.3 bar (Zhong, 1993;
Zhong and Mucci, 1995). Our main objective was to develop
and appraise different thermodynamic equilibrium models for
dilute Eu-calcite solid solutions and the coexisting aqueous
solutions, to identify the substitution mechanisms involved in
the incorporation of Eu(Ill) in calcite. Each model was tested
against all three sets of experimental data.

1.4. Previous studies on REE Coprecipitation
with Calcite

Experimental studies of trace REE partitioning in calcite
were carried out by Terakado and Masuda (1988), Zhong

(1993) and Zhong and Mucci (1995). Their results always
indicated strong fractionation of REE(III) in calcite, with par-
tition coefficients on the order of 10—1000 decreasing towards
the heavy REEs. The partition coefficients measured by Tera-
kado and Masuda (1988) are about one order of magnitude
lower than those determined by Zhong and Mucci (1995),
probably due to different coprecipitation techniques. The
former authors used a free nucleation technique that commonly
leads to partition coefficients below the equilibrium values for
ions preferentially fractionating into the solid. This is a conse-
quence of the high initial precipitation rates in such experi-
ments (see e.g., Tesoriero and Pankow, 1996; Curti, 1999). The
results of Zhong and Mucci (1995) appear to be more trust-
worthy, since they were obtained by means of a controlled slow
precipitation technique. Being aware of the complications in-
duced by the difference between the charge of Ca’* and
substituted ions, these authors proposed that the local charge
balance for REE®* incorporation is provided either by coupled
substitution with Na™ or by vacant Ca®" sites.

In another study, Carroll (1993) added relatively high Nd(III)
concentrations (10~ to 10~* M) to calcite suspensions, causing
the precipitation of two new Nd-Ca phases. One of the precipitated
phases was probably Nd(OH)CO,, whereas the other fibrous pre-
cipitate remained unidentified. These Nd-Ca solids have little in
common with the Eu-calcites considered in the present inves-
tigation, where added Eu concentrations were much lower
(mg, < 107% at pH 6 and 8, mg,< 10~% at pH 13.3).

In summary, most of the experimental data published so far
do not form a basis for a thermodynamic analysis of heterova-
lent substitutions in calcite, since not all the information re-
quired for the application of solid solution models is provided.
For instance, the total amount of added tracer should be varied
systematically to construct isotherms, and precise measure-
ments of mole fractions and equilibrium tracer concentrations
in solution are needed. It is also essential to know precisely the
amount of solid solution formed. Only the data published by
Zhong (1993) and Lakshtanov and Stipp (2004) provide suffi-
cient information and are therefore considered in our study.

2. MATERIALS AND METHODS
2.1. Recrystallization Experiments (pH 13)
2.1.1. Calcite

Powdered analytical grade calcite was purchased from Merck AG
and used without further treatment. The average surface area from six
replications was determined to be 0.31 = 0.05 m? g~ ' based on N,
adsorption measurements (BET method) with a Micrometrics Gemini
2360 analyzer. The calcite composition was determined by ICP-AES
and ICP-MS following dissolution of the calcite in 1 M HCI. K, Al and
Eu were under the detection limit (0.1 ppb for Eu), whereas small
impurities of Na (72 = 4 ppm), Mg (65 * 4 ppm) and Si (151 = 7
ppm) were detected.

2.1.2. Artificial cement water

An artificial cement water (ACW) was used in all recrystallization
tests. It is a highly alkaline (K, Na)OH solution saturated with port-
landite and calcite (pH = 13.3). The ACW was prepared in a glove box
under CO, exclusion by dissolving 11.9 g of KOH and 4.6 g of NaOH
in 11 of deionized water, and adding 1 g of Ca(OH), (portlandite) and
1 g of CaCOj (calcite) to this solution. The ACW with the suspended
solids was shaken for one week and filtered through a 0.1 wm Criti-
cap™ filter (Gelman Science) before it was used in the experiments.



Thermodynamic modeling of Eu-calcite solid solutions 1723

Major element concentrations of the ACW solution, determined by
ICP-AES, were, in mol/l: Na = 0.114 = 0.002, K = 0.182 = 0.006,
Mg=(47+04)X1077,Ca= (1.6 =0.2) X 1073, Al = (3.7 £ 0.7)
X 1075, Si = (6 = 1) X 107, Eu(IIl) concentrations, measured by
ICP-MS, were found to be below the detection limit of 6.6 X 10~ '! M.

2.1.3. Radiochemical and chemical analyses

Eu uptake was measured from solutions labeled with '°?Eu, whereas
Ca uptake due to calcite recrystallization was determined from separate
solutions spiked with **Ca. The '*?Eu source solution (37 MBg, from
Amersham Pharmacia Biotech, Diibendorf, Switzerland) was diluted in
50 ml HCI (5%) to produce a stock solution. The '>Eu / total Eu ratio
was ~5% at the time of the experiments. Small aliquots (0.1-1 ml) of
the stock solution were further diluted with 0.1 M HCI to obtain tracer
solutions with the required total Eu initial concentrations (4 X 10~'" to
2 X 10~° M). The **Ca source solution (37 MBq, from Isotopendienst
Blasek GmbH, Waldburg, Germany) was diluted in 50 ml H,O to
produce a stock solution. Ten milliliters of the stock solution were
further diluted with ACW to give a tracer solution with an activity of
~5000 Bq ml~'. The **Ca / total Ca ratio of the tracer solution was
~0.04% at the time of the experiments.

2By activities were measured on a Packard Minaxi 5530 gamma
counter and a Packard Cobra 5003 auto gamma counter using the
energy window between 15 keV and 400 keV. The background activity
measured in this window for '*?Eu was typically ~150 cpm/5 ml. For
very low '3?Eu activities a Canberra Packard Tri-Carb 2250CA liquid
scintillation counter with an energy window between 6 keV and 70 keV
was used. The background activity was typically ~30 cpm/5 ml. *°Ca
was measured on a Canberra Packard Tri-Carb 2250CA liquid scintil-
lation counter using an energy window between 6 keV and 120 keV.
The background activity measured in this window for “>Ca was typi-
cally ~35 cpm/5 ml.

Element concentrations (Na, K, Ca, Al, Si, Eu) in the equilibrated
solutions were determined by ICP-AES and ICP-MS. The pH stability
of ACW-calcite suspensions was checked using a WTW Microproces-
sor 535 pH meter coupled either to Orion 8103 Ross combination pH
electrodes or to Ingold combination pH electrodes.

2.1.4. Eu uptake experiments

All recrystallization experiments (including the **Ca exchange tests,
see next section) were carried out in a glove box under a controlled N,
atmosphere (O, and CO, concentrations <5 ppm) in 50 mL polyal-
lomere centrifuge tubes that had been previously washed, left overnight
in a solution of 0.1 M HNO; and finally rinsed with deionized water.

Calcite-ACW suspensions with a solid/water (S/W) ratio of 5 X
10~* kg 17! were prepared in polyethylene beakers, thoroughly mixed,
homogenized with a shear mixer and equilibrated for approximately
one hour with a magnetic stirrer. Aliquots (40 mL) were taken from the
vigorously stirred suspensions and pipetted into 50 mL polyallomere
centrifuge tubes. These samples were then spiked with 0.4 mL of the
12Ey tracer solution and agitated on an end-over-end shaker for two
weeks. The acid spike was added to the ACW solution after the calcite
powder settled down to the bottom of the vials, so that the spike
solution had time to homogenize with the ACW water before any
contact with the calcite. The addition of a small amount of tracer
solution (0.4 mL in 40 mL. ACW) does not affect the final pH of the
homogenized solution. Standards for the determination of total and
specific activity of the tracer solutions were prepared by adding 0.4 ml
aliquots of the '>?Eu tracer solution into counting vials and diluting
them to 5 ml with ACW. After shaking, duplicate samples were taken
from the vigorously stirred suspension to determine the total activity.
After two weeks of equilibration, the solid and solution were separated
by centrifugation of the suspensions for 1 h at 95 000 g (max.).
Duplicate samples of the supernatant solution and samples previously
withdrawn from the mixed suspensions were analyzed together with the
standards. Finally, the pH was checked at the end of each adsorption
test.

2.1.5. **Ca uptake experiments

Calcite suspensions with S/W ratios between 10~* and 5 X 1072
kg 17" were prepared in polyethylene beakers by mixing the Merck

calcite with 985 ml of ACW followed by the addition of 15 ml of the
“Ca tracer solution. Standards for the determination of total and
specific activity of the tracer solutions were prepared by adding 0.4 ml
aliquots of the radionuclide tracer solution into counting vials and
diluting them to 5 ml with ACW. Forty milliliter aliquots taken from
the vigorously stirred suspensions were pipetted into 50 ml polyal-
lomere centrifuge tubes and shaken on an end-over-end shaker for the
desired equilibration time. After shaking, duplicate samples were taken
from the vigorously stirred suspension to determine the total activity.
After the desired reaction time, the solid and solution were separated by
centrifugation for one hour at 95 000 g (max.). Duplicate samples from
the supernatant solution and from the mixed suspensions were then
analyzed with the gamma counter together with the standards.

2.2. Thermodynamic Calculations
2.2.1. Gibbs energy minimization

The Gibbs Energy Minimization (GEM) is a numerical method that
has been applied to model thermodynamic equilibrium in a large
variety of chemical systems. The main algorithm determines the global
minimum of the total Gibbs free energy of a multiphase, multicompo-
nent chemical system (Karpov et al., 1997; Karpov et al., 2001). This
method is an alternative to the widespread Law of Mass Action (LMA)
speciation models, formalized in various geochemical codes such as
PHREEQC (Parkhurst and Appelo, 1999). In this investigation the
GEM method (implemented in the GEM-Selektor code) was preferred
to the LMA because of its suitability for solving complex solid solution
equilibria. Furthermore, and in contrast to LMA codes, which can
handle only one multicomponent phase (usually the aqueous solution),
GEM codes allow an unlimited number of such phases to be included
in the overall mass balance. It is therefore easy to solve equilibrium
problems with complex multicomponent solid solutions, without the
need for supporting tools such as Lippmann’s functions (Glynn, 1991).

The stability of the j-th chemical species (dependent component,
from the set L) at 7, p of interest is defined by its standard chemical
potential, u? (identical with its molar Gibbs free energy, G7, taken from
the input database). The equilibrium state is computed with GEM by
determining the amounts of stable phases through a vector of mole
amounts of dependent components x = {x; j € L} such that:

G(x)O min, and Ax=05b (@)

where A = {a;, i € N, j € L} is a matrix defining the formula
stoichiometry coefficients of dependent components; b = {b, i € N}
is the input vector of mole amounts of independent components (from
the set N of chemical elements and charge), and G(x) is the total Gibbs
energy function of the whole system:

G(x) =D x;u;, JEL 2
J

In Equation 2, y; is a numerical approximation of the chemical poten-
tial of the j-th dependent component. The GEM-Selektor code works
for convenience with normalized (dimensionless) chemical potentials,
defined as:

v,=v/+1InC;+Invy+const,jEL 3)

where v} is the normalized (dimensionless) standard chemical poten-
tial, C; = f(x;) is the species concentration, v; is the activity coefficient
of the j-th species in a specific phase, and const is a scaling factor that
depends on the choice of the standard state (const = In 55.5084 for
aqueous species, const = In p for gases and const = 0 for solid
solutions). Full expressions for v; in aqueous, gaseous, solid/liquid and
adsorption phases are given by Karpov et al. (2001) and Kulik (2002).

The “Interior Points Method” (IPM) non-linear minimization algo-
rithm—the “engine” of Selektor modeling codes—solves the problem
posed through Eqn. (1) by finding simultaneously two vectors: the
primal x and the dual u solutions. The vectors x and u must satisfy the
Karpov-Kuhn-Tucker duality conditions (Karpov et al., 1997), which
are necessary and sufficient to solve the chemical equilibrium problem,
and in the simplest vector-matrix form can be written as:
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Fw-A"wy=0 “4)

where 7 is the transpose operator. The vector u—the dual GEM solu-
tion—contains the normalized chemical potentials of independent
components at equilibrium, u;. The first condition in (Eqn. 4), rewritten
with indices, states that for any j-th species present at equilibrium, the
“primal” chemical potential v; (calculated from the equilibrium mole
amount £; and the normalized standard chemical potential vy, see Eqn.
3) must equal the “dual” chemical potential:

v= X au,j ELIEN 5)

The second condition represents mass balance constraints for total
amounts of independent components, b;. Finally, the last condition (of
orthogonality) ensures that the mole amounts of unstable species and
phases, to which the inequality in the first condition refers, are all set
to zero.

All aforementioned calculations are implemented in the GEM-Sele-
ktor v.2-PSI code that uses the built-in, fully documented “Nagra/PSI
01-01” chemical thermodynamic database (Hummel et al., 2002). Both
are available for download at http://les.web.psi.ch/Software/GEMS-
PSI, and were used in modeling calculations for the present contribu-
tion.

2.2.2. Dual thermodynamic calculations

For any species in any phase at equilibrium, the first Karpov-Kuhn-
Tucker condition Eqn. (4) can be combined with Eqns. (3) and (5) into
a generic “dual thermodynamic equation” that relates primal and dual
normalized chemical potentials:

_ G
Z a;u; = E +1In C; +In y; + const (6)

For the “inverse” modeling in the present contribution, Eqn. (6) pro-
vides the basis for “dual-thermodynamic” (DualTh) calculations—an
efficient method to determine thermodynamic properties from the re-
sults of partitioning experiments (Kulik et al., 2000; Karpov et al.,
2001; Kulik and Kersten, 2002). The basic idea of DualTh calculations
is that, for any selected species j, one unknown parameter on the right
side of Eqn. (6) can be determined if the others are known. For
instance, (i) if the equilibrium composition of the aqueous solution and
the mole fractions (C; = x;) of end-members in the coexisting solid
solution are known, and assumptions can be made on the activity
coefficients in the solid (e.g., y; = 1 for ideal solid solutions) then the
molar Gibbs free energy of formation of the end-members can be
derived. Alternatively, (ii) if the end-members and their Gibbs free
energy of formation are known, Eqn. (6) can be used to determine
activity coefficients in the solid. Because the chemical potential of any
given independent component (u,;) must be the same in all equilibrated
phases, the potentials can be determined independently by solving the
GEM equilibrium problem only for the aqueous solution, without
including any solid solution in the equilibrium calculations.

In our investigation, we applied both variants of the DualTh method
to the calcite solid solutions formed in the previously mentioned
recrystallization and coprecipitation experiments, assuming ideal mix-
ing (see section 4). Note, however, that for variant (i), the assumption
of ideality is just a matter of convenience. The Eu-calcites may well be
non-ideal solid solutions, as it is impossible to determine simulta-
neously G/ rand y; from Eqn. (6), if stoichiometry and stability of the
Eu end-members are not known independently. In such cases, the
derived free energies of formation of the candidate end-members
actually embed the activity coefficients. In other words, the following
quantity can be determined from Eqn. (6):

Gruceon= G+ RTIN Yy = RT(E a;u;—In xEHm), @)
where xg, ., (C; in Eqn. 6) is the experimentally known mole fraction

of the trace Eu end-member in the calcite solid solution, yg,_,,, the
corresponding activity coefficient (taken independent of y,_.,, at trace

Table 1. Recrystallization rates (mol m~2 s~ ') calculated from **Ca
uptake experiments.

Step 10gl1! 50g1°!
0-11 days 20 =05 x 107" 52+03x 10"
11-90 days 32+ 05 X% 10712 92 + 14 X 10712

mole fractions of Eu end-member), and G%,_,,, the standard molar
Gibbs free energy of the Eu end-member.

An important prerequisite for the applicability of Eqn. (7) is the
constancy of the activity coefficients, i.e., the Gj,—,, values from
different data points are comparable only if Henry’s law applies. Since
the great majority of Eu-calcites considered in our data analysis are
dilute (xg, < 0.01), this condition is fulfilled.

3. RESULTS OF WET CHEMICAL EXPERIMENTS
3.1. “°Ca Exchange in the Presence of Calcite at pH 13

Ca uptake experiments were carried out with a **Ca tracer, as
described in section 2.1.5. The removal of **Ca from aqueous
solution is a measure of the amount of recrystallized calcite,
defining the mass of Eu-bearing solid solution at a given
reaction time. This information is necessary for the calculation
of Eu mole fractions (see section 3.2.1). Details on the evalu-
ation of these data are given in Appendix 1.

The results of the “*Ca experiments are reported in Table 1
and Figure 1, where the surface-normalized amounts of recrys-
tallized calcite, calculated according to Eqn. (A1.2), are plotted
as a function of reaction time. The data reveal a two-step
kinetics and dependency on the solid/water (S/W) ratio. For
both kinetic steps, the recrystallization rate measured at S/'W =
50 g 17" is about three times higher than at 10 g 17"

3.2. Recrystallization Experiments in the Presence of
Eu Tracer
3.2.1. Calculation of Eu mole fractions

Eu mole fractions were calculated by dividing the amount of
'32Eu removed from solution by the amount, 7 [mol], of calcite
recrystallized:

20

120 S ;
Ng . @504/ : -
100 1 104/ 1
% ‘,& ‘(\2%;\// i
g 80 | &Q(/(\g\// :
= A X
- 60
GE) +
:é “ £0.5_ [
2
S
[
o

60 80 100
reaction time (days)

Fig. 1. Amounts of calcite formed and recrystallization rates derived
from “°Ca uptake experiments for calcite interacting with artificial
cement pore water (pH 13.3).
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Table 2. Initial and final Eu-molalities in ACW solution (mg, and
my,, respectively), and calculated Eu cationic mole fractions in the
recrystallized calcite (xg,)-

exp. ID  log (mg,) log (mg,) log (X k) Ugy

exp. #1 1 -10.20 —-11.79 -5.63 3374
2 —-9.69 —11.54 -512  -3368

3 -9.29 —-11.33 -472  -3363

4 —-8.72 —10.89 —4.15 -335.3

5 —8.38 -10.41 -3.80  —3342

6 —8.09 -10.25 -352  -—3338

7 —17.68 -9.77 =310  -3327

8 -7.17 -9.38 -259  -3318

9 —6.37 -8.73 -179  -3303

10 —5.74 -7.72 -1.17 —3282

exp. #2 15 -10.39 —-11.98 ~5.83 -337.8
14 -9.71 —~11.26 -5.14  -3362

13 —-9.27 -10.83 -470  —3352

12 —8.65 -10.27 —4.08 -333.9

11 -8.16 —9.66 -3.60  —3325

The rightmost column (ug,) gives the normalized (dimensionless)
chemical potentials of Eu calculated with GEM-Selektor. The resulting
u-values for major elements are: —121.1 (Na), —172.4 (C), —8.5 (O),
—43.6 (H), —257.7 (Ca) and —128.9 (K).

_ W(mgu - mEu)

Xeu (®)

n

where mg,,, my,, are the initial and the final Eu tracer molalities,
respectively, and W is the mass of water solvent. Note that Eqn.
(8) defines empiric cationic mole fractions, representing the net
fraction of octahedral sites occupied by Eu®™ ions. This defi-
nition implicitly assumes that all sites normally occupied by
Ca®" can be replaced by Eu®* ions but in some cases this
definition conflicts with thermodynamic principles. For in-
stance, a cationic mole fraction of 2/3 would result for the pure
Eu,[ ](CO;), defective structure, although the mole fraction of
a pure solid end-member must be, by definition, equal to unity.
In such cases, the cationic mole fractions must be rescaled for
thermodynamic calculations.

3.2.2. Presentation of results and uncertainties

Results of the calcite recrystallization experiments in the
presence of '°?Eu are listed in Table 2 as two separate iso-
therms (exp. #1 and exp. #2) and plotted in Figure 2, together
with the results of the coprecipitation experiments of Laksh-
tanov and Stipp (2004) at pH 6 and those of Zhong (1993) at
pH 8 that are reproduced in Tables 3 and Table 4, respectively.
The data are shown in a logarithmic plot of equilibrium Eu
molalities vs. Eu cationic mole fractions (thereafter referred as
“isotherm-plot™), which is suitable for the thermodynamic anal-
ysis carried out in section 4. The following preliminary obser-
vations can be made: (i) the data obtained at pH 13 and pH 6
define a linear trend with a slope close to unity (0.90 % 0.04 for
exp. #1, 1.02 = 0.03 for exp. #2 at pH 13, and 0.97 = 0.06 for
the coprecipitation experiments at pH 6); (ii) equilibrium Eu
molalities for the recrystallization experiments are 1-2 orders
of magnitude smaller than those measured by Lakshtanov and
Stipp (2004) and ~3 orders of magnitude smaller than those of
Zhong (1993). As discussed in section 4, the slope is a char-

10°®
107 6?@
- -8 ! L
w10 A
— -9 & - B
[} 10
g H'E &
-~ -10 A L
10 7
o =" B
m -11 —f= . _ . —
S 10 = -' | * A pH 6 (Lakshtanov and Stipp, 2004)
R e i' ' O pH 8 (Zhong, 1993) |
12 [} = "
1 0 T @ pH 13 # exp.1 ( this work) |
13 [7] pH 13 # exp.2 (this work) |
107

107 10® 10° 10* 10° 0.01 01 1

lEu

Fig. 2. Total Eu molalities as a function of Eu cationic mole fractions
in calcite from three different studies. Analytical uncertainties are
available only for the recrystallization tests.

acteristic signature of the solid solution and puts constraints on
the possible stoichiometries of the minor end-member.

For the experiments at pH ~13, the uncertainties of Eu
equilibrium concentrations critically depend on the residual
'32Ey activity in the centrifuged supernatant. Due to the very
strong Eu uptake in the solid phase, S/W ratios had to be
optimized in such a way that a sufficiently high Eu activity
remained in solution, while the mole fractions could still be
determined with sufficient precision. The optimal S/W ratio
was found to be ~0.5 g 17", giving an uncertainty of = 44% on
mg,. This is also the main reason for the different S/W ratios
selected for the *°Ca and '*?Eu experiments. Details on the
determination of mpg, uncertainties are given in Tits et al.
(2002), Appendix A.

Mole fraction uncertainties were calculated from simple er-
ror propagation formulae applied to Eqn. (8), as described in
section 4 of Bevington (1969). It was found that the main
source of uncertainty is the £76% uncertainty in the determi-
nation of the amount of recrystallized calcite, n, whereas other
sources can be neglected. Therefore, all mole fractions have
been assigned the same uncertainty of *76%.

4. THERMODYNAMIC INTERPRETATION
4.1. Methodology
4.1.1. On the issue of thermodynamic equilibrium

A prerequisite for the successful application of chemical
thermodynamics is the availability of experimental data for
systems where phases and species under consideration are in
mutual equilibrium. In the case of our recrystallization exper-
iments, the primary (Eu-free) calcite is not part of the equilib-
rium system as it dissolves irreversibly. Equilibrium is assumed
only between the aqueous solution and the recrystallized (Eu-
bearing) calcite and, in the case of coprecipitation, between the
aqueous solution and the precipitated calcite overgrowth,
whereas the calcite seeds initially present are considered to
remain inert. The constant addition method ensures the forma-
tion of compositionally homogeneous overgrowths.
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Table 3. Initial and final Eu molalities in ACW solution (mg, and mg,, respectively), and calculated Eu cationic mole fractions (xg,) in calcite
overgrowths precipitated at pH 6 with the technique described by Tesoriero and Pankow (1996).

exp. # log (mf,) log (mg,) log (X gu) Ugy UNa Uc Uo Uy Uca
3n =5.79 —-9.37 —4.17 —345.7 —138.4 —139.9 -9.6 —43.0 —286.8
4n —6.80 —9.96 —5.18 —347.7 —1384 —140.9 -9.1 —433 —287.3
5n =5.72 —9.26 —4.10 —346.0 —138.3 —140.7 -9.2 —43.2 —287.2
6n —5091 -9.03 —4.29 —3455 —1384 —140.8 -9.1 —433 —287.3
n —6.54 —-9.82 —4.94 —347.3 —138.4 —140.8 -9.2 —43.3 —287.3
8s —5.92 -9.27 —4.64 —345.9 —137.6 —140.5 -9.3 —43.2 —287.1
9s —5.96 —9.39 —4.68 —346.2 —137.7 —140.6 -93 —432 —287.1
10n —5.82 —9.18 —4.23 —346.0 —138.4 —141.0 -9.1 —43.3 —287.3
11n —5.52 —8.82 -3.92 —3453 —138.5 —141.2 -9.0 —43.4 —287.4
12s —4.82 —8.18 —3.23 —344.0 —138.5 —1414 -89 —43.4 —287.6
13s —5.89 —9.37 —4.60 —346.0 —137.4 —140.4 -94 —43.2 —287.0
14s —5.49 —9.08 —4.19 —3454 —137.5 —140.5 -9.3 —43.2 —287.1
15s —5.10 —8.54 —3.80 —344.1 —137.5 —140.3 -94 —432 —287.0
16s —5.40 —8.89 —4.10 —345.0 —137.6 —140.5 -9.3 —43.2 —287.1
17s —4.82 —8.32 —3.53 —343.6 —137.5 —140.3 -94 —43.2 —287.0
18s —5.70 —8.85 —4.13 —345.6 —138.5 —141.5 —8.8 —43.4 —287.6
19s —5.00 —8.33 —3.42 —344.5 —138.5 —141.5 —8.8 —43.4 —287.6
20s —5.00 —8.16 —341 —344.1 —138.5 —141.5 —8.8 —43.5 —287.6
21s =5.12 —8.96 —4.14 —344.1 —138.5 —141.5 —8.8 —43.5 —287.6
22s —4.82 —8.55 —3.83 —344.1 —138.5 —141.5 —8.8 —43.5 —287.6
23s —5.53 —9.53 —4.54 —344.1 —138.5 —141.5 —8.8 —43.5 —287.6

The experimental data (mg, and my,) were kindly supplied by Lakshtanov and Stipp (2004). The table also shows the normalized (dimensionless)
chemical potentials of Eu and other elements, calculated with GEM-Selektor (this work).

Thorstenson and Plummer (1977) introduced the concept
of “stoichiometric saturation” to describe the pseudoequilib-
rium state reached upon the congruent dissolution of Mg-
calcites. This phenomenon is common for metastable phases
dissolved at low temperatures and is frequently observed
when calcite solid solutions dissolve (Gamsjdger 1985). In
contrast, when carbonate solid solutions precipitate from an
oversaturated solution or recrystallize, the incorporation of
foreign ions is not stoichiometric, unless the partition coef-
ficient is equal to 1 (Glynn et al., 1990). At sufficiently low
precipitation rates, the composition of the newly formed
solid approaches equilibrium with the solution. Gamsjéiger

(1985) and Gamsjéger et al. (2000) discussed several binary
systems and concluded that in most dissolution experiments,
especially over relatively short reaction times, stoichiomet-
ric saturation was observed, whereas in precipitation exper-
iments (e.g., Mucci and Morse, 1984) the data plot close to
the solidus and solutus curves on a Lippmann diagram. From
this it is concluded that experiments carried out from the
oversaturation-side, especially at the slowest precipitation
rates, tend to approach thermodynamic equilibrium. Since
all experiments selected for this study were carried out at
calcite growth rates where empiric partition coefficients are
insensitive to precipitation kinetics, it seems justified to

Table 4. Initial and final Eu molalities in ACW solution (mg, and myg,, respectively), and calculated Eu cationic mole fractions (xg,) for calcites

coprecipitated in artificial seawater at pH 8 (data from Zhong, 1993).

exp. # log (m,) log (mg,) log (x&u) Ugy UNa Uc Uca

sz-113 —7.51 —7.59 —3.63 —344.7 —136.0 —163.5 —287.6
sz-114 =745 =151 —3.65 —344.7 —136.0 —163.5 —287.6
sz-115 —7.60 —7.67 —3.47 —345.1 —136.1 —163.4 —287.7
sz-116 —7.68 =7.76 —-3.99 —345.6 —136.2 —163.3 —288.0
sz-117 =730 —7.33 —3.65 —344.3 —136.1 —163.4 —287.7
sz-118 —7.32 -17.35 —3.83 —3443 —136.1 —163.4 —287.7
sz-122 =745 —7.51 —3.75 —344.9 —136.2 —163.3 —287.9
sz-123 =745 —17.50 —3.79 —344.6 —136.1 —163.5 —287.7
sz-124 —7.47 —7.52 —3.82 —344.7 —136.1 —163.4 —287.7
sz-126 —7.64 -17.67 —4.05 —345.8 —136.4 —163.1 —288.4
sz-127 —7.76 —7.81 —4.01 —345.6 —136.2 —163.3 —287.9
sz-199 —7.27 -741 —3.59 —344.7 —136.3 —163.3 —288.1
sz-202 =7.13 —7.23 —3.30 —3444 —136.2 —163.4 —288.0
hs-205 —7.23 —7.30 —3.56 —344.5 —136.2 —163.4 —288.1
hs-206 —7.29 —7.40 —3.44 —344.8 —136.3 —163.3 —288.3
hs-208 —7.27 -17.33 —3.57 —344.6 —136.3 —163.3 —288.2

The table also shows the normalized (dimensionless) chemical potentials of Eu and other elements calculated with GEM-Selektor (this work). The
potentials of oxygen and hydrogen have constant values throughout all experiments (u, = —0.78 and uy = —47.5). Only data points with Eu
concentrations below the solubility of EuOHCO; (cr) were considered. For all the listed data, log (pCO,, bar) = —2.5 * 0.1.
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Table 5. Selected end-members used in the forward modeling of Eu-calcite solid solutions, with the measured solubility products of corresponding

pure crystalline Eu phases.

log K¢,

Eu end-member Ca end-member Assumed substitutions (Eu end—me?nber) source
Eu,(CO5); Ca;(CO5); 2 Ev*' = 3 Ca®* —-35.0 =03 1,2
NaEu(CO5), Ca,(CO;), Eu** 4+ Na® = 2 Ca?* —20.5 * 0.7 3.4
EuOHCO;4 CaCO;, EuOH>" = Ca?* —-21.7 £ 0.1 1,2
Eu(OH), CaCo, Ev’" + 30H = Ca®>" + CO3~ —27.1 = 0.3 1,5

!(Hummel et al., 2002); 2(Runde et al., 1992); 3(Fannin, 1999); *(Fannin et al., 2002); > (Bernkopf, 1984).

assume that Eu equilibrium partitioning was approached to
an extent sufficient to apply equilibrium thermodynamics.

4.1.2. Modeling approach

As discussed in section 1.2, the identification of the minor
end-member is not straightforward for heterovalent solid solu-
tions, due to local charge balance requirements and non-iso-
morphic substitution. From the point of view of thermodynam-
ics, there are no limitations in the selection of possible
stoichiometries, as long as the experimental partitioning data
can be described correctly. Nevertheless, the selected end-
member should be compatible with simple crystal-chemical
and mineralogical criteria. For instance, the host structure may
have a limited tolerance to lattice deformation, or lack suitable
interstitial sites to accommodate large substituents. In this
respect, a careful review of known mineral structures, in which
the trace element under consideration occurs as a major ion,
may be helpful in identifying the stoichiometry and structure of
non-isomorphic minor end-members.

Two strategies were followed to model the experimental
data. The first one (“forward” modeling) involved the direct
calculation of ideal solid solution models for the specific con-
ditions of the selected experiments, using as minor end-mem-
bers pure Eu solids with known solubility products (Table 5).
For each end-member pair and each of the three available
datasets, equilibrium Eu solution concentrations and mole frac-
tions in the solid were predicted from GEM calculations across
the compositional range of interest (mg, = ~ 10~'"" — 1072
mol kg ') and then compared with the experimental data. The
advantage of this method is that model parameters and exper-
imental data are independent of each other, because the relevant
thermodynamic properties (i.e., solubility product) of the pos-
tulated Eu end-member have been determined experimentally.

Conversely, the forward modeling method is not applicable
to end-members for which no solubility or free energy data are
available. In such cases, we resorted to an alternative approach,
called here “inverse” modeling. The theoretical background of
this method is explained in section 2.2 and a practical applica-
tion is described later in section 4.3. This technique has already
been applied to model solid solution formation in cement
systems (Kulik and Kersten, 2002) and marine carbonates
(Kulik et al., 2000).

With the inverse modeling approach, the free energy of forma-
tion of the proposed end-member is determined through DualTh
calculations directly from the experimental partitioning data, un-
der the assumption that the measured solution concentrations and
mole fractions in the solid solution reflect equilibrium. Note that it

is not necessary to include the solid solution explicitly in such
DualTh calculations, because chemical potentials are equal for all
thermodynamic phases in mutual equilibrium. In other words, the
derivation of chemical potentials of independent components in
the equilibrated aqueous solution directly yields the corresponding
chemical potentials in the solid solution. An additional assumption
made in our model is that the solid solutions are either ideal or that
Henry’s law applies (constant activity coefficient of the minor
component in the case of non-ideality). For most binary solid
solutions, Henry’s law applies at x < 0.01, a condition fulfilled by
all but two of the data points considered in this study (see Fig. 2).
The reasons for making this assumption are explained in section
43.

4.2. Predictions from End-Members with Known
Solubility (Forward Modeling)

Solubility products are known for the crystalline Eu com-
pounds Eu,(CO;);, NaEu(CO,),.6H,0, EuOHCO; and
Eu(OH);. Accordingly, forward modeling could be applied
only to these four end-member stoichiometries. The solubility
products of the mentioned solids are listed in Table 5, together
with the corresponding Ca end-members and the implied sub-
stitution mechanisms.

The predicted isotherms are plotted in Figures 3, 4 and 5,
where they are compared with the corresponding experimental
data (see Fig. 2). All calculations were carried out with the
GEM-Selektor code at 25°C and 1 bar total pressure, using the
thermodynamic constants specified in Hummel et al. (2002)
and applying Davies’ equation (with coefficient 0.3) for the
calculation of aqueous ion activity coefficients. The gas phase
was modeled as a mixture of ideal gases. In Table 6, typical
speciation results are listed for each of the three datasets,
whereas in Figure 6, the distribution of Eu species is plotted as
a function of pH to reproduce approximately the solution
compositions of the three studies considered in this paper.

Note that for the coprecipitation data of Zhong (1993),
chemical equilibrium calculations were carried out assuming
the actual average saturation index (SI = log ) ~ 0.8, where
Q) is the extent of oversaturation). Since the solution data of
Lakshtanov and Stipp (2004) suggest that calcite precipitation
occurred close to equilibrium (SI <0.3), for these experiments,
as for the recrystallization experiments, our calculations were
carried out assuming exact saturation conditions.

The model calculations yielded isotherms with characteristic
slopes (+1/2 for the Eu,(CO;), end-member and of + 1 for the
other three end-members). In Appendix 2 we demonstrate that,
for dilute solid solutions, the isotherm slope is a fingerprint of
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Fig. 3. Comparison of binary ideal solid solution models (GEM
calculations) with Eu uptake data from recrystallization experiments
carried out in ACW water (pH 13). Each line represents a model for one
of the end-member pairs defined in Table 5. Calculations with the
Eu,(CO); end-member predict total exclusion of Eu from the calcite
lattice, yielding physically unreasonable mole fractions (xg, < 107%°)
that fall outside of the plot.

the assumed end-member stoichiometry and, thus, it gives
some insight into the substitution mechanism. For instance,
choosing Eu,(CO;), as end-member implies the replacement of
a Ca;(CO;); group by a “dimeric” Eu,(CO;); group. In all
other cases, the stoichiometric coefficient associated to Eu in
the end-member formula is one, meaning that Eu*" ions are
incorporated as isolated entities, so that each Eu®* ion is
surrounded only by Ca®* ions in all adjacent octahedral posi-
tions. The different slopes arise ultimately from different en-
tropies of mixing for the incorporation of “monomeric” and

A coprecipitation data, pH 6
—— GEMS model calculations
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Fig. 4. Comparison of binary ideal solid solution models (GEM
calculations) with Eu-calcite coprecipitation data from experiments
carried out in a 0.025-0.1 m NaClO, medium (pH 6) by Lakshtanov
and Stipp (2004). Each line represents a model for one of the end-
member pairs defined in Table 5.

O coprecipitation data, pH 8
—— GEMS model calculations
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Fig. 5. Comparison of binary ideal solid solution models (GEM
calculations) with Eu-calcite coprecipitation data from experiments
carried out in artificial seawater (pH 8) by Zhong (1993). Each line
represents a model for one of the end-member pairs defined in Table 5.

“polymeric” groups. As the isotherms (datasets at pH ~ 6 and
pH ~ 13) exhibit a slope close to unity, incorporation of
“dimeric” Eu-Eu pairs on adjacent octahedral sites must be
ruled out, which forces us to reject the Eu,(CO5); end-member.

Although the three remaining end-members produce an iso-
therm slope compatible with the experimental data, a closer
analysis reveals that none of these models is able to reproduce
simultaneously all measurements. For the recrystallization data
at pH 13 (Fig. 3), only the Eu(OH);—CaCO; solid solution is
compatible with the experimental results. The NaEu(CO5), and
Eu(OH)CO; solid solution models require equilibrium mole
fractions of less than 10~ ', implying nearly total Eu exclusion
from calcite, a prediction that clearly disagrees with experi-
mental observations. Consequently, due to the unreasonably
large activity coefficients required to fit the data, also these
end-members must be ruled out. For instance, given the nine
orders of magnitude difference between measured Eu molali-
ties and those predicted by the model based on the solubility
product of crystalline Eu(OH)CO,, a strongly negative Mar-
gules parameter (@, = Wg/RT = —16.9) would be required, a
value that cannot be reconciled with any experimental value or
empiric estimate. According to the compilation of Glynn
(2000), a, values are mostly positive and never exceed a value
of ~6 for carbonate solid solutions.

A quite different picture emerges when the forward model-
ing approach is applied to the coprecipitation experiments of
Lakshtanov and Stipp (2004) (Fig. 4). The degree of non-
ideality is in general smaller and the predictions based on the
EuNa(COs;), as well as EuOHCO; end-members fall fairly
close to the experimental data.

Specifically, the non-ideality correction for the EuOHCO;-
CaCOj; solid solution would require a positive Margules pa-
rameter (a, = Wg/RT ~ 2) close to the values known for many
binary sulfate and carbonate solid solutions, whereas for the
coupled Eu** + Na™ substitution mechanism, a negative pa-
rameter is necessary, which is rather unusual for carbonates
(Glynn, 2000). The latter mechanism can also be excluded
based on the insensitivity of measured Eu equilibrium concen-
trations to the Na concentration in solution, as noted by Lak-
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Table 6. Typical solution speciation for the three types of experi-
ments considered.

pH 6 pH 8 pH 13
pH 6.4 7.9 133
Ionic Strength (mol kg™ ") 0.114 0.661 0.280
log (pCO,, bar) 0 -25 —-132

Eu speciation (nanomol kg™ ')

Eu’* 0.02 0.6

EuCO? 1.5 55

Eu(CO,); 0.06 45

EuOHZ* 0.2

Eu(OH); 0.2

Eu(OH), (aq) 0.02 1.6
Eu(OH); 14
EuSO; 1.5

Major species (millimol kg ')

Na* 45.8 480.2 103.9
NaHCO; (aq) 0.7 0.6

NaOH (aq) 10.4
NaSO; 7.4

K" 10.0 173.4
KOH (aq) 0.9
KSO, 0.2

Ca?* 21.2 8.9 0.5
CaHCO3 4.7 0.1

Ca(OH)™ 1.0
Ca(OH), (aq) 0.1
CaSO, (aq) 1.7

Mg** 44.5

MgCO; (aq) 0.1

MgHCO; 0.6

MgSO, (aq) 10.0

Cl™ 565.7

CIO, 44.8

HCO; 48.2 3.8

Cco%~ 0.01 0.03 0.07
OH™ 279.1
SO;~ 9.9

Br™ 0.9

All calculations were performed for 7 = 25°C, p = 1 bar with the
GEM-Selektor code, using Davies’ equation for aqueous activity co-
efficients. Major aqueous species appear only if contributing more than
1 % of the element speciation.

shtanov and Stipp (2004). Finally, the Eu(OH);-CaCO; solid
solution, the only suitable model to explain the recrystallization
data at pH 1.3, must be ruled out as explanation of the pH 6
data, since it yields unreasonable predictions requiring exceed-
ingly large non-ideality corrections.

The data of Zhong (1993) can be realistically described
assuming binary mixtures with either the Eu,(CO;); or
Eu(OH); end-member, whereas binary solid solutions with
EuNa(COs;), or Eu(OH)CO; must be ruled out. Unfortunately,
the limited Eu mole fraction range of their precipitates and their
proximity to the Eu(OH)COj5(cr) saturation limit (which seems
to be exceeded in some cases) preclude the determination of the
isotherm slope.

The general picture emerging from the forward modeling is
that none of the four assumed binary solid solution models is
capable to explain all three datasets. It appears that either (i)
there are at least two distinct Eu coordination environments in

Eud* | EUOH)g.aq EU(OH),”
-9 | . EU)CO3 y\ [ — \ -
i ~ e
< ~ +
— . Eu(OH A
o N uo )2 /'/ \
E / '\
~ -10 :
/
£ /
en K
2 4/
-11 T

6 7 8 9 10 11 12 13

Fig. 6. Speciation in a 107° M Eu(NO,); + 0.1 m NaClO,, solution
as a function of pH at 7 = 25°C and p = 1 bar (GEM calculations). The
pH was varied through appropriate additions of carbonic acid or so-
dium hydroxide. No Eu sulfate complex appears at pH 8 (see Table 6),
since these speciation calculations refer to a sulfate-free system. No
equilibrium with a gas phase was assumed.

calcite, depending on experimental conditions (pH from 6 to 13
and pCO, from ~ 0 to 1 bar), or (ii)—if we postulate a
common coordination environment—we have to resort to al-
ternative end-members.

4.3. Inverse Modeling with Alternative End-Members

Selecting end-members with known solubility product is
mainly a matter of convenience. Many alternative stoichiome-
tries can be proposed, as suggested by the large variety of
REE-carbonates that exist in nature (see e.g., Strunz and
Nickel, 2001). It is not possible to test all conceivable stoichio-
metries and structural environments of Eu in calcite and thus
we restricted our choice to the simplest ones, avoiding complex
structural units that could not readily fit into the calcite lattice.
In addition, we only considered stoichiometries that allow
incorporation of isolated Eu®* ions, in agreement with the
slope of +1 defined by the data in the isotherm plots (Fig. 2).

Based on the criteria outlined above, the following alter-
native end-member pairs were selected for a test with the
inverse method: EuH(CO;),—Ca,(CO;),, EuO(OH)-CaCO;
and EuO(CO;),s—CaCO;. The first end-member pair repre-
sents a case of coupled substitution, H" + Eu®* = 2 Ca®",
whereas for the second and third pairs Eu®" is incorporated
with “free” O®~ ions, i.e., hydroxyls or oxygens not belonging
to carbonate groups.

In the first step, aqueous equilibria were computed with
GEM-Selektor, yielding normalized chemical potentials of the
dissolved elements assumed to be in equilibrium with the
Eu-calcite solid solution. These DualTh calculations differ fun-
damentally from those performed with the forward modeling
approach, because precipitation and dissolution of solid solu-
tion phases were explicitly excluded from the chemical calcu-
lations. Only the speciation and chemical potentials u; of the
elements in the aqueous solution were computed. The chemical
potential of any given candidate end-member (indexed with «)
was then simply derived from linear combinations of the ele-
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mental potentials u; and corresponding stoichiometric coeffi-
cients a;: u, = RT v, = RT 2 (au;) = 3 (a;u;) (see Eqn. 5).
For example, the chemical potential of the EuNa(CO;), end-
member is obtained as:

MeuNacoy), = Med T Mva + 2pct+6p, 9

In this way, the equilibrium potentials of all proposed alterna-
tive end-members were derived for each aqueous solution
belonging to a given isotherm. For comparison, we also calcu-
lated the potentials of end-members previously used in the
forward modeling approach (listed in Table 5).

In the second step of the DualTh inverse modeling proce-
dure, the sum of the molar free energy of formation G¢, and
activity coefficient term R7Invy, was calculated for each pos-
tulated end-member, with the help of the measured mole frac-
tions. Applying Eqn. (7) to the example above yields:

* j—
GEuNu(CO3)2 = Weunacoy, — RT In XEuNa(CO5), (10)

The average and standard deviation of the G}, values resulting
from the experimental points of a specific isotherm were then
calculated separately for each end-member. Note that the (un-
known) activity coefficient term in Eqn. (7) must be assumed to
be constant to make the single G}, values comparable within the
isotherm and to allow extension of the calculated statistical
uncertainty to G%. This important requirement is fulfilled be-
cause the great majority of the Eu-calcite solid solutions con-
sidered in our study are dilute (linear Henry’s law region).

If a postulated end-member « is appropriate, identical
G-values should result for all data points belonging to the
same isotherm, whereas inappropriate end-members would
yield large statistical variations. In practice, two criteria must
be satisfied to confirm a potential end-member. First, the stan-
dard deviation of the mean G, values resulting from all points
on the isotherm should not exceed * 2 kJ mol™', which
corresponds to the commonly expected precision of £0.3 pK-
units in solubility product measurements. The second criterion
is that no trend should be present in the series of computed
Gj-values. If the isotherm slope predicted for a given end-
member pair differs from that defined by the experimental
points, then the calculated G, values will decrease or increase
systematically as a function of mole fraction.

Note that solution oversaturation has no significant effect on the
calculated free energies since, for a system at fixed pH and pCO,,
only the chemical potential of Ca is affected when the saturation
state is varied. The elemental potentials of Eu, C, O, H, Na, on
which the chemical potentials of the postulated dilute end-mem-
bers depend, remain almost unaffected when the SI of calcite
varies.

The results of DualTh calculations are shown in Table 7 and
the related statistics are summarized in Table 8. The first
observation is that, as expected from the results of the forward
model, the largest standard deviations occur when Eu,(CO;); is
assumed as end-member. For the pH 6 and pH 13 data, the
corresponding calculated G, values vary systematically along
the isotherms (see Table 7, where the data are listed in order of
increasing Eu mole fractions). These trends simply reflect a
discrepancy between predicted and observed slope in the iso-
therm plots. All other end-members yield acceptable statistics,
with standard deviations of about = 2 kJ mol .

If the same Eu incorporation mechanism were operating in all
three types of experiments, it should be possible to find an end-
member pair yielding the same mean G*-values for all three
datasets. Inspection of Table 8 reveals that this is not the case. For
each of the seven proposed end-member pairs, at least one of the
three average G*-values is discordant. On the other hand, the
binary model involving EuH(CO;), as end-member yields (within
the statistical uncertainty) coincident mean G*-values for the pH 6
and pH 8 data, whereas the models involving EuO(OH) or
Eu(OH); yield coincident mean G *-values for the pH 8 and pH 13
data.

To give a more pragmatic idea of the DualTh method, we
converted the mean standard potentials into fictitious solubility
products (Table 9) by first calculating the Gibbs free energy of
the relevant dissolution reaction, AxG*, then applying the
fundamental relation A,G* = —RT InKj,. For all end-mem-
bers, discrepancies of several orders of magnitude in the log K5,
values result at least for one of the three datasets. Consistent
constants (outlined in bold) are derived for two of three datasets
with the binary models involving EuH(CO;),, EuO(OH) or
Eu(OH);.

It is important to note here that, as long as water activity
is close to unity, the EuO(OH) and Eu(OH), end-members
are thermodynamically equivalent, since the dissolution re-
actions differ only by the number of water molecules in-
volved. Actually, a continuous series of equivalent end-
members with the generic formula EuO, ,,(OH),_,, between
the hydroxyl-free EuO5,, and the fully hydrated Eu(OH),
stoichiometries can be defined. Thus, it is not possible to
infer the degree of hydration of the substituted Eu(III)-
complex from the thermodynamic analysis alone. Remark-
ably, the solubility constants of 16.4 = 0.2 and 16.2 = 0.3
extrapolated from the DualTh calculations for the Eu(OH),
end-members are close to the experimental solubility prod-
ucts of Eu(OH); and lie between the values determined for
the amorphous and crystalline solids.

4.4. Modeling with a Ternary Solid Solution

The results described in the preceding sections indicate that
the ensemble of available data on Eu-calcites cannot be mod-
eled with a simple binary solid solution. On the other hand, the
DualTh calculations indicate that binary solid solutions includ-
ing the EuH(CO;), or a EuO,,,(OH);_, end-member success-
fully reproduce two of the three datasets. The next logical step
was therefore to construct a ternary model involving the two
latter end-members as Eu poles and CaCO; as the Ca pole.

Figure 7 shows the results obtained from forward GEM-
Selektor calculations with the ideal ternary solid solution Eu-
H(CO;),~EuO(OH)-CaCOs;, assuming G, ucos2 = —1773 kJ
mol ! and Ghoom = —955 kJ mol™'. These free energies,
obtained by slightly adjusting the G*-values of the two Eu
components until the best simultaneous fit for the three sets of
data were found, are close to those determined for the binary
solid solutions (highlighted in bold in Table 8).

Figure 7 shows that this ternary model adequately repro-
duces all three datasets considered in this investigation. More
importantly, any other ternary solid solution resulting from
systematic combinations involving one or more of the
Eu,(CO5);, EuOH(CO,), EuNa(COs;), and EuO(CO,), 5 end-
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Table 7. Free energies of formation, including activity correction term (G}), for candidate Eu end-members at 7 = 25°C and p = 1 bar.

G for candidate Eu end-members (kJ mol ')

Eu pole Eu,(CO3); EuOH(CO5) EuNa(CO5;), Eu(OH); EuH(CO5), EuO(OH) EuO(CO3), 5
Ca pole Ca;(CO5); CaCO, Ca,(CO5), CaCO, Ca,(CO;), CaCO;, CaCO;,
exp. ID recrystallization experiments (pH 13), this work
15 —3113.9 —1423.7 —2087.0 —1191.6 —1894.8 —954.4 —1070.4
1 —3112.8 —1423.7 —2087.0 —1191.6 —1894.8 —954.4 —1070.4
14 —3109.6 —1423.5 —2086.8 —1191.3 —1894.6 —954.1 —1070.2
2 —3112.9 —1425.2 —2088.5 —1193.1 —1896.3 —955.9 —1072.0
3 —3112.8 —1426.4 —2089.6 —1194.2 —1897.4 —957.0 —1073.1
13 —3107.2 —1423.6 —2086.9 —1191.4 —1894.7 —954.2 —1070.3
4 —3111.0 —1427.1 —2090.4 —1194.9 —1898.2 —957.7 —1073.8
12 —3104.3 —1423.9 —2087.2 —1191.8 —1895.0 —954.5 —1070.6
—3107.5 —1426.3 —2089.6 —1194.1 —1897.4 —956.9 —1073.0
11 —3100.0 —1423.2 —2086.5 —1191.0 —1894.3 —953.8 —1069.9
—3107.4 —1427.1 —2090.3 —1194.9 —1898.1 —957.7 —1073.8
7 —3104.2 —1426.7 —2090.0 —1194.5 —1897.8 —957.3 —1073.4
8 —3102.7 —1427.4 —2090.6 —1195.2 —1898.4 —958.0 —1074.1
9 —3099.8 —1428.2 —2091.5 —1196.0 —1899.3 —958.8 —1074.9
10 —3092.8 —1426.5 —2089.8 —1194.3 —1897.6 —957.1 —1073.2

coprecipitation experiments (pH 6), from Lakshtanov and Stipp (2004)

12s —2937.3 —1380.3 —2012.1 —1223.1 —1776.4 —985.9 —1064.5
20s —2935.9 —1379.1 —2010.7 —1221.9 —1775.2 —984.7 —1063.3
19s —2937.8 —1380.1 —2011.7 —1222.9 —1776.2 —985.7 —1064.3
17s —2937.5 —1379.6 —2009.7 —1222.4 —1775.7 —985.2 —1063.8
15s —2938.2 —1379.2 —2009.1 —1222.0 —1775.3 —984.8 —1063.4
22s —2933.5 —1376.7 —2008.3 —1219.5 —1772.8 —982.3 —1060.9
11n —2940.7 —1380.0 —2012.0 —1222.8 —1776.1 —985.6 —1064.2
S5n —2944.6 —1381.5 —2013.4 —1224.3 —17717.6 —987.1 —1065.7
16s —2940.5 —1379.4 —2009.5 —1222.2 —1775.6 —985.1 —1063.7
18s —2939.7 —1379.0 —2010.7 —1221.8 —1775.1 —984.6 —1063.2
21s —2931.7 —1374.9 —2006.6 —1217.7 —1771.1 —980.6 —1059.2
3n —2945.4 —1381.7 —2014.2 —1224.5 —1777.8 —987.3 —1065.9
14s —2942.1 —1380.0 —2009.9 —1222.8 —1776.1 —985.6 —1064.2
10n —2942.9 —1380.3 —2012.1 —1223.0 —1776.4 —985.9 —1064.5
6n —2940.8 —1379.1 —2010.9 —1221.9 —1775.2 —984.7 —1063.3
23s —2929.4 —1372.6 —2004.3 —1215.4 —1768.8 —978.2 —1056.9
13s —2943.0 —1379.3 —2009.1 —1222.1 —1775.4 —984.9 —1063.5
8s —2941.8 —1378.5 —2008.7 —1221.3 —1774.6 —984.1 —1062.7
9s —2942.8 —1379.0 —2009.2 —1221.8 —1775.1 —984.6 —1063.2
Tn —2946.2 —1379.9 —2011.7 —1222.7 —1776.0 —985.5 —1064.1
4n —2946.4 —1379.3 —2011.2 —1222.1 —1775.4 —984.9 —1063.5

coprecipitation experiments (pH 8) from Zhong (1993); Zhong and Mucci (1995)

sz-126 —2922.2 —1363.6 —1993.9 —1192.8 —1773.4 —9555 —1041.0
sz-127 —2923.5 —1364.1 —1994.5 —1192.7 —1774.5 —955.4 —1041.2
sz-116 —2923.1 —1364.0 —1994.3 —1192.7 —1774.3 —9554 —1041.1
sz-118 —2918.9 —1362.1 —1992.5 —1190.3 —1772.9 —953.1 —1039.0
sz-124 —2921.0 —1363.2 —1993.6 —1191.5 —1774.0 —954.2 —1040.1
sz-123 —2921.0 —1363.3 —1993.7 —1191.5 —1774.1 —954.2 —1040.1
sz-122 —2921.6 —1363.8 —1994.2 —1192.4 —1774.3 —955.1 —1040.9
sz-117 —2920.0 —1363.2 —1993.6 —1191.4 —1773.9 —954.2 —1040.0
sz-114 —2921.9 —1364.1 —1994.5 —1192.3 —1774.9 —955.1 —1041.0
sz-113 —2922.8 —1364.5 —1994.9 —1192.6 —1775.4 —9554 —1041.3
sz-199 —2921.8 —1364.4 —1995.0 —1192.8 —1774.9 —955.6 —1041.4
hs-208 —2921.2 —1364.1 —1994.8 —1192.6 —1774.6 —955.4 —1041.1
hs-205 —2920.7 —1363.9 —1994.5 —1192.3 —1774.4 —955.1 —1040.9
sz-115 —2924.8 —1366.1 —1996.5 —1194.4 —1776.8 —957.2 —1043.0
hs-206 —2922.9 —1365.4 —1996.1 —1194.0 —1775.8 —956.7 —1042.5
sz-202 —2922.2 —1365.3 —1996.0 —1193.7 —1776.0 —956.4 —1042.3

All values were calculated from elemental normalized chemical potentials (reported in Table 2, 3 and 4). Means and standard deviations are given
in Table 8.
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Table 8. Means and statistical uncertainties of DualTh standard free energy estimates for the three datasets considered in this study.

Summary statistics for G of candidate end-members at 7 = 25°C and p = 1 bar (kJ mol ")

Eu,(CO5); Eu(OH)CO, EuNa(CO5), Eu(OH); EuH(CO5), EuO(OH) EuO(CO3), 5
recrystallization experiments (pH 13), this work
mean —3106.6 —14255 —2088.8 —1193.3 —1896.6 —956.1 —1072.2
*o 6.0 1.7 1.7 1.7 1.7 1.7 1.7
coprecipitation experiments (pH 6), Lakshtanov and Stipp (2004)
mean —2939.9 —1379.0 —2010.2 —1221.7 —-1775.1 —984.6 —1063.2
*o 4.6 2.0 23 2.1 2.0 2.0 2.3
coprecipitation experiments (pH 8), Zhong (1993); Zhong and Mucci (1995)
mean —2921.8 —1364.1 —1994.5 —1192.5 —1774.6 —955.3 —1041.0
*o 1.4 1.0 1.0 1.0 1.0 1.0 1.0

The sampled G}-values are reported in Table 7.

members (with CaCO; as Ca pole), failed to reproduce the
three datasets simultaneously, regardless of the selected G*-
values.

Three examples of results from the GEM model calculations
corresponding to single points on the isotherms shown in Figure 7
are given in Table 10. These results, which are complementary to
the speciations listed in Table 6, indicate that for the pH 8 data, the
solid solution composition is accounted for by almost equivalent
contributions of the two Eu end-members (comparable mole frac-
tions). In contrast, at pH 6 only the EuH(CO;), end-member
contributes to the total mole fraction, whereas at pH 13 only the
EuO(OH) end-member is relevant.

Thus, our thermodynamic analysis supports the assumption
that two distinct Eu species may coexist in calcite. The first,
EuH(COs,),, arises from the coupled substitution of 2 Ca>* by
one Eu** ion and a proton and is favored at low pH and high
pCO,. It cannot be excluded that the formation of such a
complex in calcite is favored by the existence of unidentified
aqueous carbonate complexes (e.g., EuHCOZ2™). The second Eu
species in calcite has the generic stoichiometry EuO, ,,(OH);_,
and its incorporation is favored at high pH and low pCO.,.

5. DISCUSSION

5.1. Possible Substitution Mechanisms

Results of our thermodynamic modeling limit the possible
substitution mechanisms operating during the uptake of Eu(IIl)
in calcite. Incorporation via the coupled substitution Na® +
Eu’* = 2 Ca®" as well as incorporation of Eu-Eu pairs on
neighboring octahedral sites can be ruled out based on incon-
sistent model predictions.

The +1 slope of the isotherms clearly favors Eu®" incorpo-
ration as an isolated cation, i.e., as mononuclear species sur-
rounded only by Ca®* cations in the adjacent octahedral shell.
Additional support to this view is provided by the recent
EXAFS study of Elzinga et al. (2002), who investigated Nd(III)
and Sm(III) doped calcites and found no evidence of REE(III)
backscatterers. In addition, they obtained satisfactory fits to
their spectra assuming the usual six Ca neighbors, with REE-Ca
distances very close to the Ca-Ca distances of the ideal calcite
structure. Thus, their data do not support the hypothesis of
vacant octahedral sites adjacent to Eu.

Table 9. End-member solubility products derived from DualTh calculations for the three experimental studies considered in this paper.

log K, derived from . ..
coprecipitation coprecipitation recrystallization
experiments experiments experiments

Reaction (pH ~ 6)' (pH ~ 8)? (pH ~ 13)* solubility studies
Eu,(CO5); = 2 Ev** + 3 CO3~ —36.3 * 0.6 —33.1 £ 0.3 —655 * 1.1 —350 =03
EuNa(CO;), = Eu** + Na®™ + 2 CO3~ —20.7 = 0.3 —179 = 0.2 —344 =03 —20.5 = 0.7
EuOH(CO;) = Ev®* + OH™ + CO3~ —-209 = 04 —183 * 0.2 —29.0 =03 -21.7 = 0.1
Eu(OH); + 3 H" = Eu** + 3 H,0 113 £ 04 164 = 0.2 16.2 = 0.3 149 £ 0.3 (cr)

17.6 £ 0.8 (am)

EuO(OH) + 3 H* = Ev** + 2 H,0 112 £ 04 164 = 0.2 16.2 = 0.3 —
EuO(CO5)os + 2 HY = Ev®* + 0.5 CO3~ + H,0 22 £04 6.1 £0.2 0.6 £ 03 —
EuH(CO,), = Eu** + H" + 2 CO3~ —-254 = 04 —253 = 0.2 —46.6 = 0.3 —

The following auxiliary free energies of formation (kJ mol '), taken from Hummel et al. (2002), were used: G°(Eu**) = —574.463, G°(Na™) =
—261.881, G°(H,0, 1) = —273.183, G°(OH ") = —157.27, G"(CO%’) = —527.982. Where available, constants derived from solubility measure-
ments are also given for comparison in the rightmost column (see Table 5 for references). Mutually consistent constants are outlined in bold.

!(Lakshtanov and Stipp, 2004); *(Zhong, 1993); 3this study.
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Fig. 7. Ternary EuO(OH) — EuH(CO;), — CaCO; solid solution
model (GEM calculations) compared with Eu-calcite coprecipitation
and recrystallization data obtained under widely different pH and pCO,
conditions. The horizontal lines define the solubility limits set by the
least soluble pure Eu solid for the relevant experimental conditions.

Our results indicate that an overall fit of all available data can be
obtained only if the formation of a ternary solid solution with
EuH(COs), and a CO5-free end-member with the generic formula
EuO,,(OH);_, is assumed. Accordingly, two distinct incorpora-
tion mechanisms may be postulated, one involving the coupled
substitution H* + Bu®* = 2 Ca®>" (favored at low pH and high
pCO,) and the other involving the substitution of an Eu oxy-
hydroxo complex for Ca®>* (favored at high pH and low pCO,).
The latter mechanism requires significant rearrangements of the
calcite structure in the vicinity of the substituted Eu ions. Such
rearrangements should be feasible, considering the absence of
edge-sharing octahedra and bidentate bonds: the calcite lattice
consists of a “flexible” three-dimensional network of corner-
shared [CaOg4] octahedra that can easily respond to local strain,
thus facilitating structural deformations.

Evidence for the deformability of the calcite structure is
provided by the recent molecular modeling studies of Fisler et
al. (2000) and Cygan et al. (2002). Their molecular models,
which accounted for electronic polarization of the oxygens in
the carbonate groups, reveal that a vacancy in octahedral po-
sition (a negative charge defect) would induce important struc-
tural distortion around the site. Specifically, intermolecular
distances between oxygens belonging to different CO3~ groups
are predicted to distribute in a continuum between 2.9 and 3.5
A, whereas in the undisturbed calcite structure three discrete
distances are found at 3.2, 3.3 and 3.4 A. Even intramolecular
distances, i.e., the distances between oxygens belonging to the
same carbonate group, are predicted to change.

According to the calculated solution speciation (Fig. 6, Table
6), the dominant Eu aqueous species at pH 6 (pCO, ~ 1 bar)
is predicted to be Eu(CO;)", whereas the hydroxo species
Eu(OH), prevails at pH 13 (pCO, ~ 0). Thus, there seems to
be a correlation between the speciation of Eu in the parent
solution and the two inferred Eu environments in calcite (one
with neighboring CO3 ™~ groups, the other only coordinated by
free O>"/OH ™). This, in turn, suggests that the two different
coordination environments of Eu in the calcite lattice could be
inherited from adsorption of the dominant Eu aqueous species
at the specific chemical conditions of the experiment.

5.2. Thermodynamic Model vs. Spectroscopic Data

The picture emerging from our thermodynamic study is
also consistent with the laser fluorescence data of Stumpf
and Fanghénel (2002), who found two distinct coordination
environments for Cm(III)—a chemical analog of Eu(IlI)—in
a natural calcite recrystallized in the presence of trace
amounts of this trivalent actinide. Of the two Cm(III) species
identified in calcite, one is partially hydrated (one H,O or
OH™ in the first coordination sphere), whereas the other is
completely dehydrated. Stumpf and Fanghiénel (2002) first
interpreted the hydrated Cm(III) species as a surface com-
plex, whereas the dehydrated species was explained as
Cm(III) substituted in octahedral position. New unpublished
laser fluorescence data confirm the existence of two analo-
gous Eu(Ill) species both in synthetic and natural calcites
and suggest that the hydrated species is not a surface com-
plex, but rather a complex substituted in the bulk structure
(T. Stumpf, private communication).

Supplemental evidence for the existence of two distinct
REE species in calcite comes from the EXAFS study of
Elzinga et al. (2002), whose results have been recently
confirmed by Whiters et al. (2003). Both Nd** and Sm*”*
were found to occupy the octahedral position, but the first-
shell REE-O distances were determined to be larger (+ 0.05
A) than the corresponding Ca-O distances in pure calcite,
despite the smaller ionic radii of Nd** and Sm>*. Moreover,
an increased first-shell coordination number (~ 7 instead of
6) was inferred from the analysis of the EXAFS spectra. The
authors suggested that the increased coordination number
may result from the formation of a bidentate bond between
the REE** ion and a CO3~ group. Alternatively, the EXAFS
results of Elzinga et al. (2002) can also be interpreted by a
mixture of two species, one with CN = 6, the other with
higher CN = 9. This interpretation would also be consistent
with our two-species model for Eu in calcite.

This scenario is corroborated by independent crystallo-

Table 10. Selected results obtained with the ternary EuH(CO5), — EuO(OH) — CaCOj; solid solution model (GEM calculations).

Parameter pH 8 pH 13
total Eu in system, m%, (mol kg~ ") 10°° 10°° 10°°¢
dissolved Eu at equilibrium, m, (mol kg~ ") 1.6 X 107° 63 X 10°® 1.6 X 1078
Xaticon, 16 X 10°* 45 x 10 0
XEuOOH) 1.3 x 107° 3.5 X 107% 32 X 1072

Total added Eu (m,), equilibrium molalities (n5,) and Eu end-member mole fractions are given. These results are complementary to the speciation

calculations presented in Table 6.
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Fig. 8. Possible formation mechanism for a EuO,,,(OH);_, complex
in calcite. Detailed explanations are given in section 5.3.

graphic data, that yield a coordination number of 9 for
REE(OH); and interatomic distances in the 2.50-2.52 A
range (Beall et al., 1977), i.e., an increment of + 0.14-0.16
A with respect to Ca-O distances in pure calcite. Consistent
with our ternary model, the + 0.05 A excess determined by
the EXAFS fitting procedure could be interpreted as a result
of a mixture of two distinct Nd complexes, one with a short
Nd-O distance similar to Ca-O in calcite, the other with a
longer Nd-O distance similar to that found in hexagonal
Nd(OH);.

5.3. Atomic Scale Model for Europium Oxy-Hydroxide
End-Member

It is not yet possible, based on the available thermodynamic
and spectroscopic evidence, to resolve the geometry of the
coordinative rearrangements that take place following the in-
corporation of Eu in calcite. Nevertheless, a relatively simple
mechanism of structural accommodation can be envisaged to
explain, at least qualitatively, the formation of the proposed
EuO,,,(OH);_, end-member species, which requires “free”
(non-carbonate) oxygens in the first coordination shell of Eu**.

The possible mechanism is illustrated in Figure 8 as a se-
quence of three “snapshots” that illustrate the proposed local
change in the calcite structure upon Eu®" incorporation. In
Figure 8a, a fragment of the undisturbed calcite structure pro-
jected on the plane perpendicular to the c-axis is shown. The
central octahedron in black denotes the hypothetical site where
substitution with Eu®* takes place. The six surrounding [CaOg]
octahedra are also highlighted in medium grey. If each of the
octahedra surrounding the central site “loses” four of the six
carbonate groups (Fig. 8b), and the structure collapses into a
hexagonal ring of edge-sharing octahedra, then a cavity with
the required nine-fold coordination of Eu®* is formed (Fig. 8c).
Each of the nine oxygens coordinating the central Eu** cation
is shared among three octahedra (the third one, not shown, in
the c-axis direction), so that a stoichiometric O:Eu ratio of 9:3,
consistent with the Eu(OH); stoichiometry, would result.

6. CONCLUSIONS

The main conclusion from this study is that heterovalent
substitution of Eu in calcite cannot be described with binary
isomorphic solid solution models. The processes involved
are more complex than in the case of homovalent substitu-
tions. The different chemical properties of substituent and
substituted ion and the need to neutralize the charge imbal-
ance introduced through heterovalent substitutions may in-
duce, on a molecular scale, considerable coordinative rear-
rangements in the calcite structure. Only a careful analysis
of experimental data collected over a wide range of chemical
conditions, combined with adequate spectroscopic data, al-
lows us to unravel the substitution processes involved in the
formation of heterovalent solid solutions. On the basis of the
thermodynamic analysis carried out in this study and spec-
troscopic evidence, at least two distinct substitution mech-
anisms must be considered to explain the formation of dilute
Eu-calcite solid solutions, depending on chemical condi-
tions. Our data suggest that the coupled substitution H* +
Eu’" = 2 Ca?" prevails at low pH and high pCO,, possibly
following adsorption of Eu-bicarbonate complexes. In alka-
line systems at very low pCO,, an Eu oxy-hydroxo group is
preferentially incorporated into calcite, reflecting the domi-
nance of the Eu hydroxo species in solution.

Our ternary solid solution model also proved to agree qual-
itatively with the results of spectroscopic and molecular mod-
eling studies. Notwithstanding these encouraging results, fur-
ther investigations—especially of spectroscopic nature—are
necessary to substantiate our findings.
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Fig. Al.1. Comparison of recrystallization rates derived in this study
(average trend lines and shaded area, see Fig. 1) with other published
data on **Ca uptake (symbols) during calcite recrystallization.

field environments for Nd** in calcite. Phys. Chem. Min. 30,
440-448.

Zhong S. (1993) Precipitation kinetics and partitioning of rare earth
elements (REE) between calcite and seawater. Ph.D. thesis, McGill
University, Montreal.

Zhong S., and Mucci A. (1995) Partitioning of rare earth elements
(REEs) between calcite and seawater solutions at 25°C and 1 atm
and high dissolved REE concentrations. Geochim. Cosmochim.
Acta 59, 443-453.

APPENDIX 1

To determine the amount of recrystallized calcite from **Ca activity
measurements, one must take into account that: (i) radioactive decay
cannot be neglected, since the half-life of **Ca (163.1 days) is com-
parable to the duration of the experiments (up to 90 days); (ii) the ratio
of **Ca to total Ca in solution also changes due to calcite dissolution
during recrystallization. This leads to the following two-term mass
balance equation:

IMys 1 dn mys

= T AmMys

s (ALL)
at W at me,

where m,5 is the **Ca tracer molality, A is the decay constant, m, is the
total calcium molality (constant because of calcite saturation), W is the
mass of water solvent, n the amount in moles of newly formed calcite,
and ¢ is the reaction time. Eqn. (A1.1) simply states that the *°Ca
concentration decreases due to the combined effect of radioactive
decay and incorporation in the newly formed calcite. It is a first-order
partial differential equation with two time-dependent variables, m,5 and
n, with the following solution for the initial condition n = 0:

mgs
n= Wmc,,<ln——)\t) (A1.2)

Mys

where m,s is the initial *°Ca concentration. Eqn. (A1.2) gives the
amount of recrystallized calcite as a function of the *>Ca tracer con-
centration measured in solution at any reaction time .

The recrystallization rates listed in Table 1 were derived from our
data by applying Eqn. (A1.2). They are comparable to those found with
the same *>Ca uptake method by Davis et al. (1987) and Carlsson and
Aalto (1997) (Fig. Al.1), although these investigations were carried out
at lower pH. Thus, the available **Ca data indicate that all measured
calcite recrystallization rates fall within a restricted range despite
widely different pH and S/W conditions.

The latter observation is important since our Eu uptake experiments

were conducted at a lower S/W (0.5 g 17') than the **Ca exchange
experiments. Unfortunately, it was not possible to determine the re-
crystallization rate at 0.5 g 1! because of the very weak **Ca uptake
at such low S/W ratios. Thus, we had to extrapolate the amount of
calcite recrystallized during the Eu uptake experiments (14 days reac-
tion time) from data obtained at higher S/W ratios and reaction times
between 7 and 42 days. We estimated that 25.5 £ 9.9 umol of calcite
per kg of solution recrystallized, which leads to not more than one order
of magnitude uncertainty in the Eu mole fractions.

The reasons for the observed dependency of recrystallization rates on
S/W ratios are not well understood. We suspect that this phenomenon
might be related to the presence of (unidentified) inhibitors: one may
argue that when the S/W ratio is reduced, the inhibitor concentration
per unit mineral surface area increases, which would lead to a larger
fraction of active growth sites blocked by the inhibitor on the mineral
surface.

APPENDIX 2

In section 4.2 we suggested that the slope of the linear isotherms
plotted in Figure 2 is related to the substitution process taking place
during the formation of dilute Eu-calcite solid solutions. Here, we
demonstrate how the isotherm’s slope depends on the stoichiometry of
the substituted entity at trace concentrations.

If, for instance, Sr>™ substitutes for Ca>" as single isolated cations
dispersed in the calcite lattice (each Sr** cation being surrounded by 6
Ca”), then a monomeric Sr end-member stoichiometry must be de-
fined, i.e., the solid solution is formally defined through the end-
members SrCO; and CaCO;. In contrast, if the Sr>* cations are
incorporated as pairs in adjacent octahedral sites, one must accordingly
define end-members with dimeric stoichiometry, i.e., Sr,(COj3);-
Ca,(COs;),. It is important to realize that these alternative definitions
are not merely scaling factors, but characterize solid solutions with
different thermodynamic properties. The mixing entropy of the SrCO5-
CaCO; solid solution will be considerably larger than for dimeric
end-members, because the number of possible permutations per mole
of (Ca,Sr)CO; will be higher.

In the case of heterovalent substitution, there is a further complica-
tion due to the requirement of local charge balance. As one of many
possible solid solution configurations, it can be assumed that the excess
electrical charge introduced by trivalent or higher charged cations is
locally balanced by contiguous vacancies. For instance, three adjacent
Ca" ions could be replaced by two Eu** ions and a vacancy (3 Ca®™*
= 2Bu** + [), implying Eu,(CO;);-Ca;(CO;); bulk end-member
stoichiometries. Alternatively, local charge balance may be achieved
through the substitution Ca?* = Eu** + OH™, which requires
Eu(OH)CO; and CaCOj; as end-members, or through coupled substi-
tution with a monovalent cation (Na*-Eu** or H"-Eu®" for two Ca®™).
A third, more complex mechanism would involve the simultaneous
substitution of Eu** for Ca®>" and 3 OH™ for a single CO3~ group.

The relation between isotherm slope and end-member stoichiometry
can be derived directly from law-of-mass-action expressions and ap-
proximations that apply to dilute solid solutions. Consider an ideal
binary solid solution with end-members B,Yu-C_.Y,,, where B and C
are the cations, Y is a common anion, b, ¢, u, w are stoichiometric
coefficients and, in the case of heterovalent substitution, » # ¢ and/or
u # w. For a dilute solid solution of B,Yu in C_.Y,, the following
law-of-mass-action expressions describe thermodynamic equilibrium
with the aqueous solution:

b _u
dag a
B,Y,=bB 7 +uY ¥ Kjy =———  (A21)
YB,Y, X8y,
&t
CY,=cC7+wY ™™ K&y =——  (A22)
Ycx, Xcy,

K;byu and quyw are the end-member solubility products at zero ionic
strength, ag ac, ay are the ionic activities of B¥%5,C**C and Y~ %,
respectively, Xa,y, Xc,v, are end-member mole fractions and 7z,
Ye,v, are the corresponding activity coefficients. In the case of a dilute
solid solution the approximations Xcy, = 7Ycy, = 1 (major end-
member) and 7ycy, = cons (minor end-member) hold. The mole
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Fig. A2.1. Schematic representation of calcite lattice (x = Ca®", 0 = CO3") and possible cation substitution mechanisms:
(A) undisturbed lattice, (B) homovalent substitution of isolated Sr** cations, (C) homovalent substitution of dimeric (Sr*"),
groups, (D) substitution of dimeric (Eu*), groups adjacent to vacant octahedral sites, (E) coupled H*-Eu®" substitution,
(F) substitution of EuOH*" groups. The corresponding solid solution end-members and the value of the stoichiometric

parameter b in Eq. (A2.6) are shown above each sketch.

fraction of the dilute component is Ther given by:

ngy, ng/b ¢

ne/c - Z Xs

(A2.3)

XB,y, =

neyy,,

where n, n. are moles of the cations B*## and C"“<, respectively, in the

solid solution and yj is the cationic mole fraction of B*“# (Eqn. 8). Eqn.

(A2.3) shows that the conversion between end-member and cationic mole

fractions depends on the stoichiometry of both end-members (coefficients

b, ¢). The solubility product of the dilute end-member, see Eqn. (A2.1),

will thus also depend on the stoichiometric coefficients of both end-
members when expressed as a function of the cationic mole fraction:

abay b

o
KE;;YU -

—_— (A2.4)
VB,y, X €

For a series of experiments carried out under constant conditions only
the amount of trace cation B added to the solution (Eu in our case) is
varied in each experiment to establish an isotherm. Hence only a, and
Xg vary in the previous equation, while all other quantities are constant.
Introducing activity coefficients, <y, and the speciation factor, ¢y,
defined as the fraction of total dissolved element B present as free
(non-complexed) ion, Eqn. (A2.4) can be expanded as follows:

b
logK3,y, = b log(ysdsms) + u logay + IOgZ — logys,y, — logxs

(A2.5)

Collecting all constant terms under k (7y; and ¢, can also be taken as
constant for a dissolved trace element) one obtains:

1
logmg =k + Z logxs (A2.6)

where

(= logK3,y,

log(‘yzdp) ul 11 b+ll
—lo, — —logay — — log— + = lo
b (Vs P b gay b gc b g8y,

(A2.7)

Eqn. (A2.6) is a linear equation with a slope 1/b and intercept k,
where the slope defined by a series of data on an isotherm plot (e.g.,
Fig. 2) is inversely proportional to the stoichiometric coefficient of
the trace end-member formula. Accordingly, for the substitution
3 Ca®" =2 Eu’®" + [, a slope of + 1/2 would result in the plot of
Figure 2. Since the slopes defined by the experimental isotherm data
are + 1, one is forced to rule out this substitution mechanism. Eqn.
(A2.6) can also be derived from basic principles of statistical
mechanics, through a calculation of the configurational entropy of
binary ideal mixtures as a function of the stoichiometric coefficient
b (derivation not shown).
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