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Abstract—Trace metal partitioning between authigenic minerals and aqueous solutions is of great interest to
both geochemical and environmental communities. In this paper, we have developed a linear free energy
correlation model that correlates metal partition coefficients with metal cation properties:

22.303RT logKd 1 DGf,MZ1
0 5 a*MHXDGn,MZ1

0 1 b*MHXrMZ1 1b*MHX

wherea*MHX, b*MHX, andb*MHX are constants, which can be determined by a regression analysis. For isovalent
metal partitioning, because of the constraint ofKd 5 1 for the host metal, this correlation can be also expressed
as:
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H
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H
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Host minerals from an isostructural family have the same linear free energy relationship, as long as the
relationship is expressed as a function of the differences in cation properties between substituent and host
metals. We have applied our model to both isovalent and non-isovalent metal partitioning in carbonate
minerals. The model closely fits experimental data, demonstrating the robustness of the proposed linear free
energy relationship. Using the model, we have predicted the partition coefficients of divalent and trivalent
metals between various carbonate minerals and aqueous solutions. The differences between the predicted and
experimental values are generally less than 1 logarithmic unit for divalent cations and less than 0.4 logarithmic
unit for trivalent cations. Magnesite is predicted to have the largest partition coefficients among the carbonate
minerals with a calcite structure and therefore, can be a good scavenger for toxic metals. The kinetic effect
on metal partitioning can be described graphically by a “seesaw” line anchored at a host cation. To explain
the rate dependence of partition coefficients, we have proposed a conceptual model that relates metal
partitioning to surface adsorption. The conceptual model suggests that as the rate of host mineral precipitation
increases, the ratio of substituent to host cation in a solid approaches what is in the adsorbed layer. The linear
free energy correlation model developed in this paper provides a useful tool for systematizing the existing
experimental data and for predicting unknown partition coefficients.Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION

Trace metal partitioning between authigenic minerals and
aqueous solutions is of great interest to both geochemical and
environmental communities. In the studies of sedimentary rock
diagenesis, the contents of trace metals in authigenic minerals
such as calcium carbonates are commonly used to infer the
chemistry of diagenetic pore fluids (e.g., Meyers, 1974, 1978;
Grover and Read, 1983; Veizer, 1983). For instance, the vari-
ations of Mn21 and Fe21 contents in calcite, which can be
easily detected by cathodoluminescence, may reflect redox
condition changes in diagenetic environments (Frank et al.,
1982; Barnaby and Rimstidt, 1989). From an environmental
perspective, coprecipitation of toxic metals with authigenic
minerals plays an important role in retarding contaminant mi-
gration in natural environments (e.g., Davis et al., 1987; Tesori-
ero and Pankow, 1996). As compared to surface adsorption,
coprecipitation essentially “freezes” toxic metals in host min-
eral structures and therefore, greatly reduces the chance for
metal remobilization. Coprecipitation is also considered to be

important to the containment of radioactive wastes in geologic
repositories (Curti, 1997, 1999).

Enormous efforts have been made on experimental determi-
nation of partition coefficients (Kd) (e.g., Lorens, 1981; Mucci
and Morse, 1983; Veizer, 1983; Dromgoole and Walter, 1990;
Zhong and Mucci, 1995; Tesoriero and Pankow, 1996). An
excellent compilation ofKd values of divalent and trivalent
metals in carbonate minerals can be found in Rimstidt et al.
(1998) and Curti (1997, 1999). It has been observed that the
partition coefficients of divalent metals in calcite can either
increase or decrease with host mineral precipitation rates, de-
pending on whether their values are,1 or .1 (Lorens 1981;
Dromgoole and Walter, 1990; Tesoriero and Pankow, 1996).

Several thermodynamic models have been developed on
trace metal partitioning into minerals (e.g., McIntire, 1963;
Sverjensky, 1984, 1985; Blundy and Wood, 1994; Purton et al.,
1995; Gnanapragasam and Lewis, 1995; Blundy et al., 1996;
Rimstidt et al., 1998). Notably, Sverjensky (1984, 1985) has
developed a linear free energy correlation model that correlates
metal partition coefficients with the Gibbs free energies of
formation of corresponding metal cations. This approach is
appealing, because it is able to predict metal partition coeffi-
cients for which no experimental data are available. However,

*Author to whom correspondence should be addressed (ywang@sandia.
gov).

Pergamon

Geochimica et Cosmochimica Acta, Vol. 65, No. 10, pp. 1529–1543, 2001
Copyright © 2001 Elsevier Science Ltd
Printed in the USA. All rights reserved

0016-7037/01 $20.001 .00

1529



because the model does not include the effect of cation radii, its
application is limited to cations with similar radii (Sverjensky,
1984). In fact, the effect of cation radii can have a significant
contribution to overall metal partitioning (Gnanapragasam and
Lewis, 1995; Rimstidt et al., 1998, Fig. 5). Similarly, Rimstidt
et al., (1998) have correlated metal partition coefficients for
carbonate minerals with the solubility products of pure metal
carbonate phases. This model is currently limited by the lack of
appropriate mineral solubility product data. For instance, large
divalent cations such as Pb21, Ra21, Ba21, Sr21, Sn21, and
Eu21 never form stable carbonate minerals with a calcite struc-
ture (Speer, 1983). The solubility products of these “fictitious”
mineral phases are difficult to obtain. Finally, there are other
types of metal partitioning models that explicitly account for
the effect of lattice strain created by the difference of radii
between substituent and host cations (Blundy and Wood, 1994;
Purton et al., 1995; Gnanapragasam and Lewis, 1995; Blundy
et al., 1996). These types of models were originally developed
for mineral-melt systems. The partition coefficients of metals
between a mineral and a coexisting melt can be related to the
Young’s modulus of the host mineral and the radius differ-
ence of cations (Blundy and Wood, 1994; Purton et al.,1995;
Blundy et al., 1996). It may be difficult to directly apply these
models to mineral-aqueous solution systems, but nevertheless,

these models help us to gain insight into the effect of cation
radii on metal partitioning.

In this paper, we want to demonstrate that metal partitioning
between minerals and aqueous solutions is controlled by three
factors: (1) the chemical bonding energies of substituent cat-
ions within a host mineral structure, (2) the excessive energies
created by the size difference between substituent and host
cations, and (3) the chemical potential difference between
substituent and host cations in solutions. We will first develop
a linear free energy correlation model to integrate these factors
into a coherent theoretical framework. We will then use the
model to systemize the existing experimental data and predict
the partition coefficients of divalent and trivalent metals in
carbonate minerals. Finally, a theoretical consideration of the
rate dependence of partition coefficients will be presented.

2. LINEAR FREE ENERGY CORRELATION

The model developed in this paper is based on the linear free
energy correlation established by Sverjensky and Molling
(1992), which correlates the standard Gibbs free energies of
formation (DGf,MX

0 ) of minerals within an isostructural family
(MX) with the properties of the corresponding metal cations:

Fig. 1. Linear correlation of solubility products of divalent metal carbonate minerals with metal cation properties. The
experimental LogKsp values are calculated from Gibbs free energy data given in Sverjensky and Molling (1992) and Drever
(1982).
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DGf,MX
0 5 aMXDGn,MZ1

0 1 bMXrMZ1 1 bMX (1)

whereDGn,MZ1
0 is the standard non-solvation energy of cation

MZ1 (Sverjensky and Molling, 1992),rMZ1 is the ionic radius
of cation MZ1 (Shannon and Prewitt, 1969), andaMX, bMX,
andbMX are constants for a given isostructural mineral family
and are determined by fitting Eqn. 1 to experimental data. The
non-solvation energy (DGn,MZ1

0 ) can be calculated by:

DGn,MZ1
0 5 DGf,MZ1

0 2 DGs,MZ1
0 (2)

whereDGf,MZ1
0 is the standard Gibbs free energy of formation

of cationMZ1; DGs,MZ1
0 is the standard Gibbs free energy of

solvation of cationMZ1 and can be calculated from the
conventional Born solvation coefficient (vMZ1) (Shock and
Helgeson, 1988):

DGs,MZ1
0 5 vMZ1S1

«
2 1D (3)

In the above equation,« is the dielectric constant of water
(78.47 at 25°C). The parametervMZ1 is calculated by the
following equation (Sverjensky and Molling, 1992):

vMZ1 5
166.027Z2

rMZ1 1 0.94Z
2 53.87Z (kcal/mole) (4)

whereZ is the charge of cationMZ1.
Analogous to the well-known Hammett relationship for

functional group substitution in organic compounds, Eqn. 1
captures the effect of cation substitution in a given mineral
structure. Eqn. 1 can be cast in terms of mineral solubility
products (Ksp,MX):

2.303 logKsp,MX 1 DGf,MZ1
0 5 aMXDGn,MZ1

0 1 bMXrMZ1 1 b9MX

b9MX 5 bMX 2 DGf,XZ2
0

(5)

whereDGf,XZ2
0 is the Gibbs free energy of formation of anion

XZ2.
The application of Eqn. 5 to divalent metal carbonate min-

erals is shown in Figure 1. The coefficientsaMX, bMX, and
b9MX obtained by regression are listed in Table 1.As noted by
Sverjensky and Molling (1992), theaMX values for both calcite
and aragonite are very close. With the obtained coefficients, the
solubility products (Ksp) of divalent carbonate minerals with
either a calcite or an aragonite structure are predicted (Table 2).

There might be other ways to correlate mineral solubility
products with metal cation properties. For instance, solubility
products could be correlated withDGf,Mn1

0 (Sverjensky 1984,
1985) or with DGf,Mn1

0 and rMn1. However, it is shown in
Figure 2 that the correlation described by Eqn. 1 generally
gives the best fit to experimental data. This correlation has been

Table 1. Summary of model parameters obtained by regression.

Pure divalent metal carbonate phases
aMX bMX

(kcal/mol/Å)
b9MX

(kcal/mol)
MCO3 with calcite structure 0.969 80.31 2339.774
MCO3 with aragonite structure0.960 66.63 2326.105

Metal partitioning in carbonate phases
a*

MX b*MX

(kcal/mol/Å)
bMX*

(kcal/mol
M21 in calcite 0.968 75.168
M21 in siderite 0.97 73.236
M21 in aragonite 0.96a 70.65
M31 in calcite 0.994 93.488 2329.68

a Fixed in regression. See discussion in the text.

Table 2. Correlation of solubility products of divalent metal carbonate minerals with metal cation properties. The experimental LogKsp values are
calculated from Gibbs free energy data given in Sverjensky and Molling (1992) and Drever (1982). The values forrM21 andDGf,M21 metal cations
are from Xu and Wang (1999c).

M21

rM2 1

(Å)
DGs,M21

(kcal/mol)
DGf,M21

(kcal/mol)
DGn,M21

(kcal/mol)

Solubility product (LogKsp)

Calcite Aragonite

Experimental Predicted Experimental Predicted

Ca 1 2121.28 2132.12 210.83 28.49 28.55 28.35 28.49
Mg 0.72 2145.8 2108.83 36.97 28.14 28.15 25.59
Mn 0.82 2136.46 255.2 81.26 210.40 210.11 28.85
Fe 0.77 2141.04 221.87 119.17 210.53 210.56 29.05
Zn 0.745 2143.4 235.17 108.23 29.89 210.05 28.22
Cd 0.95 2125.31 218.57 106.74 211.18 211.21 211.42
Be 0.45 2175.03 289.8 85.23 23.71 1.23
Co 0.735 2144.36 213 131.36 210.46 28.68
Ni 0.7 2147.76 210.9 136.86 210.15 28.06
Cu 0.73 2144.84 15.55 160.39 211.06 29.42
Sr 1.16 2109.31 2133.72 224.41 27.61 29.32 29.06
Sn 1.11 2112.91 26.63 106.28 210.87 212.68
Ba 1.36 295.99 2132.73 236.74 25.32 28.58 28.69
Eu 1.17 2108.6 2129.1 220.5 27.63 29.21
Hg 1.02 2119.72 39.36 159.08 212.37 213.63
Pb 1.18 2107.9 25.79 102.11 210.33 212.83 212.82
Ra 1.39 294.14 2134.2 240.06 24.83 28.49
Pd 0.8 2138.28 42.49 184.36 29.66 28.88
Pt 0.8 2138.28 54.8 196.67 29.94 29.24
UO2 0.754 2142.45 2227.7 285.25 25.78 22.77
PuO2 0.76 2146.98 2183.5 241.52 26.82 24.15
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successfully applied to various mineral families (Xu et al.,
1999; Xu and Wang, 1999a,b,c; Wang and Xu, 2000). In this
paper, we want to extend the approach of Sverjensky and
Molling (1992) to the correlation of metal partition coefficients.

3. ISOVALENT TRACE METAL PARTITIONING

3.1. Model Formulation

An isovalent metal partitioning process can be described by
the following reaction:

MHX 1 MZ1 5 MX 1 MH
Z1 (6)

where MZ1 and MH
Z1 are the substituent and host cations,

respectively. The partition coefficient (Kd) of metal MH
Z1 be-

tween mineralMHX and an aqueous solution is defined as:

Kd 5 S XMX

XMHX
DYSmMZ1

mMH
Z1D (7)

whereXMX andXMHX are the mol fractions of substituent and
host metals in the solid phase, respectively;mMZ1 andmMH

Z1 are
the molalities of cationsMZ1 and MH

Z1 in the solution. The
equilibrium of Eqn. 6 is described by the following mass-action
expression:

22.303RT log
XMXgMXmMH

Z1 gMH
Z1

XMHXgMHXmMZ1 gMZ1

5 DGf,MX
0 1 DGf,MH

Z1
0

2 DGf,MHX
0 2 DGf,MZ1

0 (8)

where gi is the activity coefficient of speciesi, DGf,i
0 is the

standard Gibbs free energy of formation of speciesi, R is the
gas constant, andT is the temperature.

In a dilute solution, the activity coefficients of two isovalent
cations are very close, and thusgMH

Z1/gMZ1 ' 1. In theory, the
activity coefficientsgMX andgMHX depend onXMX andXMHX,
and this dependence can be described by the Margules equation
(Anderson and Crerar 1993):

RT ln gMX 5 ~2W2 2 W1! XMHX
2 1 2~W1 2 W2! XMHX

3

RT ln gMHX 5 ~2W1 2 W2! XMX
2 1 2~W2 2 W1! XMX

3
(9)

whereW1 andW2 are the Margules constants. Let us assume
that a substituent metal is present only in a trace amount in the
host mineral, i.e.,XMX 3 0 and XMHX 3 1. Under such
conditions, from Eqn. 9,gMX 3 constant andgMHX 3 1. In
other words, thegMX in Eqn. 8 becomes independent ofXMX

and is only a function of the properties of substituent cations.
Based on these considerations, combining Eqn. 7 and Eqn. 8,
we obtain:

Fig. 2. Differences between predicted and experimental values of Gibbs free energies of formation of divalent metal
carbonate minerals with calcite structure, for comparison of different correlation approaches: blank bars2 DGf,MCO3

0 vs.
DGf,Mn1

0 ; gray bars2 DGf,MCO3

0 vs. DGf,Mn1
0 andrMn1; and black bars2 DGf,MCO3

0 vs. DGn,Mn1
0 andrMn1. The experimental

values are taken from Sverjensky and Molling (1992). Notice that Eqn. 1 gives the best fit to the experimental data.
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22.303RT log Kd 1 DGf,MZ1
0 5 DGf,MX

0

2 2.303RT log gMX 1 b0MHX (10)

whereb0MHX 5 DGf,MH
Z1

0
2 DGf,MHX

0 and depends only on the
standard Gibbs free energies of formation of the host mineral
and the host cation. Applying Eqn. 1 to the first two terms on
the right side of Eqn. 10, which capture the effect of metal
substitution, we have:

22.303RT log Kd 1 DGf,MZ1
0

5 a*MHXDGn,MZ1
0 1 b*MHXrMZ1 1 b*MHX. (11)

Given a host mineral and a set of isovalent metals, the coeffi-
cientsa*MHX, b*MHX, andb*MHX in Eqn. 11 are constants. The
coefficientb0MHX in Eqn. 10 has been lumped intob*MHX.

Eqn. 11 defines a linear free energy relationship that corre-
lates metal partition coefficients with metal cation properties.
Before applying this relationship to actual data, we need to
consider an important constraint on Eqn. 11. This constraint is
that forMZ1 5 MH

Z1, the predictedKd using Eqn. 11 must be
equal to 1. Notice that this constraint remains valid regardless
of metal coprecipitation kinetics. Using this constraint to elim-
inate the coefficientb*MHX in Eqn. 11, we obtain:

22.303RT log Kd 5 a*MHX~DGn,MZ1
0 2 DGn,MH

Z1
0 !

1 b*MHX~rMZ1 2 rMH
Z1! 2 ~DGf,MZ1

0 2 DGf,MH
Z1

0 !. (12)

Eqn. 12 only has two coefficients (a*MHX and b*MHX) to be
determined by a regression analysis.

3.2. Divalent Metal Partitioning between Carbonate
Minerals and Aqueous Solutions

In this section, we apply Eqn. 12 to a set of data compiled by
Rimstidt et al. (1998) and Curti (1997) for divalent metal
partitioning between carbonate minerals and aqueous solutions.
In cases where multiple sources of data exist (Rimstidt et al.,
1998) (Table 1a), geometrically averaged values are used. The
experimental data used for the regression analysis of Eqn. 12
are given in Table 3. In the regression, the experimental data
that only specify open ranges (e.g.,Kd values forUO2

21 in
calcite andCu21 in siderite) were not used, because the re-
gression code we used was not able to handle this type of data.
In addition, theKd values forUO2

21 were not used, because the
nature of hexavalent uranium incorporation is not clear. The
regression results are presented in Figure 3 and Table 1.

It is shown in Figures 3A and 3B that in spite of large
uncertainties associated with original experimental data (e.g.,
the difference in reportedKd values for Cd can be more than
one magnitude order; see Table 1a in Rimstidt et al., 1998),
Eqn. 12 fits the data well, implying that a robust linear free
energy correlation does exist between metal partition coeffi-
cients and metal cation properties. This correlation can be
represented graphically by a linear line passing through the
origin of coordinates (0, 0), corresponding to the host cation.
As shown in Section 5, the correlation line moves like a seesaw
anchored at the host cation, as the chemical system moves away
from an equilibrium state.

By regression, the coefficients in Eqn. 12 are calculated to

Table 3. Experimental and predicted partition coefficients of divalent metals between carbonate minerals and aqueous solution. Experimental data
in parenthesis are not used in the correlation analyses.

M21

Log Kd

Calcite Siderite Aragonite Magnesite Rhodochrosite

Experimentala Predicted Experimentalb Predicted Experimentalc Predicted Predicted Predicted

Ca 0 21.08 20.68 0 1.73 20.67
Mg 21.62 21.44 22.60 22.59 22.06 0 22.40
Mn 1.31 0.92 0.91 20.16 0.90 2.40 0
Fe 0.57 1.20 0 1.25 2.58 0.19
Zn 1.56 0.59 20.64 0.49 1.97 20.43
Cd 2.35 2.52 1.58 3.09 4.08 1.68
Be 26.87 28.48 28.09 25.72 28.11
Co 0.92 0.97 21.14 20.31 0.98 2.32 20.08
Ni 0.54 20.92 20.80 0.46 1.84 20.55
Cu 1.38 1.57 (.2.60) 0.23 1.74 2.88 0.48
Sr 21.42 20.36 20.78 0.10 0.10 1.53 20.86
Sn 2.78 2.07 3.88 4.48 2.08
Ba 21.77 21.90 22.02 20.86 0.17 22.22
Eu 20.30 20.71 0.21 1.59 20.80
Hg 3.97 3.04 5.10 5.53 3.13
Pb 2.5 1.90 3.80 4.26 1.87
Ra 21.84 22.28 22.34 21.15 20.17 22.57
Pd 0.45 20.83 1.00 1.78 20.61
Pt 0.73 20.57 1.36 2.05 20.34
UO2 (,21.70) 23.75 24.64 (20.524) 25.00 22.13 24.52
PuO2 22.67 23.62 23.64 21.09 23.49

1 Geometric average ofKd values compiled by Rimstidt et al. (1998, table 1a).
2 From Thornber and Nickel (1996).
3 From Kd data compiled by Curti (1997).
4 Minimum value from Curti (1997).
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Fig. 3. Linear correlation of divalent metal partition coefficients (Kd) with metal cation properties. For isovalent metal
partitioning, a host metal, which hasKd 5 1, serves as an invariant point for the correlation, and the kinetic effect on metal
partitioning is described graphically by a “seesaw” line anchored at the host cation.
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be:a*MHX 5 0.968,b*MHX 5 75.17 kcal/mol/Å for calcite, and
a*MHX 5 0.971,b*MHX 5 73.24 kcal/mol/Å for siderite (Table
1). Notice that the coefficienta*MHX for both calcite and siderite
are essentially the same, and furthermore they are the same as
the aMX value in Eqn. 5 for the pure mineral phases with a
calcite structure (Table 1). This is not surprising, since Sver-
jensky and Molling (1992) have observed that the coefficient
aMX in Eqn. 5 is determined by the stoichiometry of minerals.
Based on this observation, we have adopteda*MHX 5 0.960 for
the divalent metal partitioning between aragonite and aqueous
solutions. Using theKd value of Sr determined by Kinsman and
Holland (1969), theb*MHX value for divalent metal partitioning
into aragonite is calculated to be 70.65 kcal/mol/Å. With the
obtaineda*MHX and b*MHX values, the partition coefficients of
divalent metals for calcite, siderite, and aragonite are predicted
(Table 3). The differences between predicted and experimental
values are less than one logarithmic unit, with exceptions for
Cu21 in siderite andUO2

21 in aragonite (Table 3). In compar-
ison with a similar transition metal (Co21), the predictedKd

value forCu21 seems reasonable. We suspect the discrepancy
between the measured and the predictedKd values forCu21 in
siderite is probably caused byCu21 reduction during copre-
cipitation. Unlike other cations listed in Table 3,UO2

21 is a
complex cation and the nature of its incorporation into carbon-
ate mineral structure is still not clear. If uranium is incorporated
as a free cation (U61) instead of a uranyl ion (UO2

21), our
model would under predict theKd value, sinceU61 is highly

charged and has a smaller radius. Apparently, to test this
possibility, moreKd measurements, and especially some spec-
troscopic data, are needed.

It is shown in Eqn. 12 that a metal partition coefficient can
be split into three terms, each with a clear physical meaning.
The first term~DGn,MZ1

0 2 DGn,MH
Z1

0 ! is the difference between

substituent and host cations in non-solvation free energy, and it
characterizes the bonding ability of a substituent metal within a
host mineral structure. The second term~rMZ1 2 rMH

Z1) accounts
for the effect of metal radii. Theoretically, the lattice elastic strain
energy created by the difference of radii between substituent and
host cations can be modeled as a second order function of~rMZ1

2 rMH
Z1) (Gnanapragasam and Lewis, 1995; Purton et al., 1995;

and Blundy et al., 1996). However, our modeling results show that
the effect of metal radii on metal partitioning can be sufficiently
represented by a linear term of~rMZ1 2 rMH

Z1!. This may indicate
that either the function of elastic strain energy can be approxi-
mated by a linear term of cation radii or the elastic strain energy
alone does not fullycapture the effect of cation radii on metal
partitioning. Since the experimental data used in our model
cover a wide range of cation radii (0.72–1.39 Å) (see Tables 2
and 3), the latter is more likely. Finally, the third term
~DGf,MZ1

0 2 DGf,MH
Z1

0 ) characterizes the chemical potential dif-
ference between substituent and host cations in aqueous solu-
tions at a standard state. This term is directly derived from a
mass action expression (Eqn. 8).

Fig. 3. (continued)
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For isovalent metal partitioning, a host cation plays a key
role in our linear free energy correlation model. The constraint
of Kd 5 1 for the host cation reduces the degrees of freedom for
fitting Eqn. 12 to experimental data. Additionally, the host
cation serves as an invariant point for metal partitioning into a
family of isostructural minerals. Notice that all terms on the
right side of Eqn. 12 are expressed relative to the host cation.
And also notice that the coefficientsa*MHX andb*MHX are essen-
tially the same for calcite and siderite, both having the calcite
structure. These observations lead us to postulate that, given a
set of substituent metals, host minerals from the same isostruc-
tural family have the same linear free energy relationship, i.e.,
the samea*MHX and b*MHX in Eqn. 12. We therefore choose
a*MHX 5 0.97 andb*MHX 5 74.0 for magnesite (MgCO3) and
rhodochrosite (MnCO3), both from the same isostructural fam-
ily as calcite and siderite. The predicted partition coefficients of
divalent metals for these two minerals are presented in Table 3.
It can be seen that magnesite has the largest partition coeffi-
cients among isostructural minerals.

4. NON-ISOVALENT TRACE METAL PARTITIONING

4.1. Charge Compensation and Model Formulation

Non-isovalent metal partitioning is complicated by charge
compensation. For example, depending on charge compensa-
tion mechanisms, the substitution of Ca21 by a trivalent cation
(M31) can be described by either:

CaCO3 1 2/3M31 5 M2/3CO3 1 Ca21 (13)

or:

2CaCO3 1 M31 1 Na1 5 MNa~CO3!2 1 2Ca21

(14)

if the charge is compensated by Na1. In either case, a partition
coefficient defined in Eqn. 7 is no longer a true equilibrium
constant and dependent on solution chemistry, even if the
activity coefficients of the relevant chemical species are ne-
glected. In this section, we show that the linear free energy
relationship developed above can also apply to non-isovalent
metal partitioning. We use rare earth element (REE) partition-
ing between calcite and seawater as an example.

Because of the existence of a good correlation between REE
and Na contents in calcite (Zhong and Mucci 1995), we here
focus on Eqn. 14. The equilibrium of Eqn. 14 is described by:

22.303RT log
XMNaCO3gMNaCO3mCa21

2 gCa21
2

XCaCO3

2 gCaCO3

2 mM31gM31mNa1gNa1

5 DGf,MNaCO3

0

1 2DGf,Ca21
0 2 2DGf,CaCO3

0 2 DGf,M31
0 2 DGf,Na1

0 . (15)

Assuming that metal M31 is present only in a trace amount in
calcite, we haveXCaCO3

3 1 and gCaCO3
3 1. Unlike

isovalent metal partitioning, the ratio of
mCa21gCa21

2

gM31mNa1gNa1
in Eqn.

15 cannot cancel out. But nevertheless, for a fixed solution
composition, this ratio is approximately a constant. In other
words, the partition coefficients for non-isovalent metal substi-
tution in principle depend on solution chemistry; therefore, the
linear free energy correlation developed below can only apply
to a set of data from the same set of experiments conducted

under similar chemical conditions. Following the same proce-
dure in Section 3.1 and applying Eqn. 1 to bothDGf,MNaCO3

0

and loggMNaCO3
, we then obtain the linear free energy rela-

tionship for trivalent metal partitioning between calcite and
aqueous solution:

22.303RT log Kd 1 DGf,M31
0

5 a*CaCO3DGn,M31
0 1 b*CaCO3rMZ1 1 b*CaCO3 (16)

which is similar to Eqn. 11.

4.2. Trivalent Metal Partitioning between Calcite and
Aqueous Solution

We have applied Eqn. 16 to experimental data obtained by
Zhong and Mucci (1995) (Table 4). It is shown in Figure 4 that
the experimental data of partition coefficients of rare earth
elements closely follow a linear free energy relationship de-
fined by Eqn. 16. By regression, the coefficientsa*CaCO3

,
b*CaCO3

, andb*CaCO3
are estimated to be 0.994, 93.488 kcal/

mol/Å, and2329.68 kcal/mol, respectively. With the obtained
coefficient values, the partition coefficients of trivalent metals
between calcite and seawater are predicted (Table 4). The
differences between predicted and experimental values are
,0.4 logarithmic unit (Table 4).

Unlike isovalent metal partitioning, the point of logKd 5 0
in Figure 4 is no longer corresponding to any actual cation, and
instead it corresponds to a fictive cation. The properties of the
fictive cation, in principle, can be calculated if the partition
coefficients are measured for two host minerals from the same
isostructural family.

5. NON-EQUILIBRIUM METAL PARTITIONING

5.1. Rate Dependence of Partition Coefficients

Metal partition coefficients generally depend on the rate of
host mineral precipitation (Lorens 1981; Dromgoole and
Walter 1990; Tesoriero and Pankow 1996). This dependence
usually displays the following features:

● Seesaw behavior: The partition coefficients of divalent cat-
ions in calcite can either increase or decrease with calcite
precipitation rate, depending on whether their values are,1
or .1 (Lorens 1981; Dromgoole and Walter 1990; Tesoriero
and Pankow 1996) (Fig. 5). Also notice that the partition
coefficient of the host cation must be equal to 1 regardless of
coprecipitation kinetics. Therefore, as illustrated in Figure 3,
the effect of mineral precipitation kinetics makes the linear
free energy correlation line move around the host cation
(Ca21) just like a seesaw. As the precipitation rate increases,
that is, as the system moves away from equilibrium, the
correlation line becomes more horizontal.

● Asymptotic behavior: As shown in Figure 5, a partition
coefficient approaches a plateau as the rate of host mineral
precipitation increases. Tesoriero and Pankow (1996) sug-
gested that at high precipitation rates, the ratio of M21/Ca21

in calcite would approach what was found in solution. If this
were the case, the partition coefficient would approach 1. As
shown in Figure 5, however, the asymptoticKd values are
never close to 1.
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● For highly-charged cations such as REE (rare earth ele-
ments), the rate dependence of partition coefficients has not
been observed (Zhong and Mucci, 1995).

An explanation has been proposed for the seesaw effect (Rim-
stidt et al., 1998), but a theoretical model that can account for
all three features mentioned above is still lacking.

5.2. Boundary Layer Effect

The high rate of host mineral precipitation may deplete
cation concentrations at a crystallization surface, thus creating
a boundary layer that has a different cation ratio than the bulk
solution (Wang and Merino, 1992; Tiller, 1991). Rimstidt et al.,
(1998) used this concept to explain the seesaw feature of the
rate dependence of partition coefficients. The effect of bound-
ary layer on M21 partitioning into calcite is described by the
following mass balance equations (Wang and Merino, 1992):

Rp 5 l~mCa21
` 2 mCa21

0 ! (17)

RpKd

mM21
0

mCa21
0 5 l~mM21

0 2 mM21
0 ! (18)

whereRp is the precipitation rate of calcite (mol/cm2/s);mi
0 and

mi
` are the concentrations of cationi at the crystallization

surface and in the bulk solution, respectively;l is the rate
constant for mass exchange between the bulk solution and the

boundary layer by diffusion. Solving Eqn. 17 and 18 formM21
0

andmCa21
0 , we obtain:

mM21
0

mCa21
0 5

mM21
`

mCa21
` 1 ~Kd 2 1!

Rp

l

5
mM21

`

mCa21
` z

1

1 1 ~Kd 2 1! R9p

(19)

where R9p 5 Rp/lmCa21
` , a scaled calcite precipitation rate

ranging from 0 to 1, according to Eqn. 17. Dividing both sides
of Eqn. 19 byXMCO3

/XCaCO3
, and using Eqn. 7, we obtain:

K9d 5
Kd

1 1 ~Kd 2 1! R9p
(20)

where

K9d 5 S XMCO3

XCaCO3

DYS mM21
`

mCa21
` D (21)

K9d is the apparent partition coefficient actually measured in
experiments. Eqn. 20 predicts that if the effect of boundary
layer were the main factor controlling the rate dependence of
partition coefficient, the measured partition coefficient (K9d)
would approach 1 as calcite precipitation rates increase (i.e.,
R9p 3 1). However, experimental data have shown that the
partition coefficients of divalent cations in calcite never asymp-
totically approach 1 as the calcite precipitation rates increase

Table 4. Experimental and predicted partition coefficients of trivalent metals between calcite and aqueous solution.

M31

rM3 1

(Å)
DGs,M31

(kcal/mol)
DGf,M31

(kcal/mol)
DGn,M31

(kcal/mol)

Log Kd

Experimentala Predicted

La 1.14 2218.51 2164.00 54.51 3.62 3.62
Ce 1.07 2225.39 2161.60 63.79 3.53 3.42
Nd 1.04 2228.41 2160.60 67.81 3.18 3.28
Sm 1.00 2232.52 2159.10 73.42 3.06 3.04
Gd 0.97 2235.65 2158.60 77.05 2.75 2.82
Dy 0.92 2240.99 2158.70 82.29 2.41 2.35
Yb 0.86 2247.81 2153.00 94.81 1.85 1.53
Pr 1.06 2226.39 2162.60 63.79 3.49 3.37
Eu 0.98 2234.60 2137.30 97.30 2.89 3.00
Tb 0.93 2239.91 2159.50 80.41 2.51 2.45
Ho 0.91 2242.08 2161.40 80.68 1.99 2.23
Er 0.89 2244.26 2159.90 84.36 1.85 2.02
Pm 1.06 2226.39 2158.00 68.39 3.40
Lu 0.85 2248.94 2159.40 89.54 1.36
U 1.12 2220.45 2124.40 96.05 3.77
Pu 1.08 2224.39 2138.15 86.24 3.58
Np 1.10 2222.41 2123.59 98.82 3.72
Am 1.07 2225.39 2143.19 82.20 3.51
Cr 0.62 2276.92 251.50 225.42 22.75
Fe 0.65 2273.11 24.12 268.99 21.81
Co 0.63 2275.01 32.03 307.04 21.65
Ga 0.62 2276.28 238.00 238.28 22.22
Ti 0.76 2259.08 283.60 175.48 0.50
V 0.64 2273.74 257.90 215.84 21.83
Sc 0.81 2253.25 2140.20 113.05 1.05
Tl 0.95 2237.77 51.30 289.07 3.63
Bi 0.96 2236.71 19.79 256.50 3.57
In 0.81 2253.25 223.40 229.85 1.60
Y 0.92 2240.99 2163.80 77.19 2.33
Tm 0.87 2246.59 2159.90 86.69 1.70

a Compiled by Rimstidt et al. (1998).
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(Fig. 5). Thus, the boundary layer effect may partly account for
the observed seesaw feature of divalent metal partitioning in
calcite, but this effect alone is unable to explain the observed
asymptotic behavior of partition coefficients. Furthermore, the
boundary layer effect cannot explain the lack of rate depen-
dence for some highly charged cations.

5.3. From Adsorption to Coprecipitation:
A Conceptual Model

In this section, we propose a conceptual model that can
explain all three features of the rate dependence of partition
coefficients summarized in Section 5.1. Our model takes into
account the effect of surface adsorption on metal partitioning.
We here use metal partitioning between calcite and aqueous
solutions as an example.

As illustrated in Figure 6, several intermediate steps are
involved in a whole metal partitioning process. We focus only
on metal adsorption and subsequent incorporation. We assume
that metal adsorption at a calcite-water interface remains in
equilibrium with aqueous solution. Thus, the ratio of [M21]/
[Ca21] in the adsorbed layer is constant, as long as the com-
position of aqueous solution is fixed. Since a mineral-water

interface is a transition zone between aqueous solution and
solid, for equilibrium metal partitioning we expect that:

@M21#

@Ca21#
U

solution

,
@M21#

@Ca21#
U

adsorbed

,
@M21#

@Ca21#
U

solid

for Kd . 1

@M21#

@Ca21#
U

solid

,
@M21#

@Ca21#
U

adsorbed

,
@M21#

@Ca21#solution for Kd , 1

(22)

We further assume that metal partitioning is limited by the
incorporation of adsorbed cations into the bulk calcite structure.
For the incorporated metals to equilibrate with the adsorbed
cations, a certain relaxation time (TR) is required. When the
precipitation rate of calciteRp . rÎD/TR, wherer is the molar
density of calcite (mol/cm3) andD is the diffusion coefficient
of metal cation in calcite (cm2/s), the kinetic effect on metal
partitioning must be considered. The observed trace metal
sector zoning in calcite (Reader and Grams, 1987; Temmam et
al., 2000) is good evidence for non-equilibrium metal partition-
ing. The actual amount of metal incorporated into calcite is
determined by two driving forces: chemical potential and phys-
ical trapping. As the calcite precipitation rate increases, the
physical trapping gradually takes over the chemical potential

Fig. 4. Linear correlation of trivalent metal partition coefficients (Kd) with metal cation properties. Notice that for
non-isovalent metal partitioning, the point ofKd 5 1 is no longer corresponding to any actual metal, instead it corresponds
to a fictitious element.
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force, and consequently the ratio of [M21]/[Ca21] in calcite
approaches that in the adsorbed layer. As a result, from Eqn.
20, depending on whetherKd is larger or smaller than 1, theKd

value can either decrease or increase with calcite precipitation
rate. An asymptoticKd value is thus determined by the ratio of
[M21]/[Ca21] in the adsorbed layer instead of the bulk solu-
tion. This explains whyKd values never approach 1 as the
calcite precipitation rate increases.

For highly charged cations such as REE, because of their
large adsorption coefficients (Zhong and Mucci, 1995), we
expect that for equilibrium metal partitioning:

@M31#

@Ca21#
U

adsorbed

<
@M31#

@Ca21#
U

solid

. (23)

Therefore, the effect of calcite precipitation rate on partition
coefficients is minimal and hard to observe.

The conceptual model summarized above provides a reason-
able explanation for the observed features of the rate depen-
dence of metal partition coefficients. The concept can be pos-
sibly tested by careful analyses using near-surface sensitive
spectroscopic techniques, such as X-ray photoelectron spec-
troscopy (XPS) (e.g., Stipp et al., 1992), combined with quan-
titative modeling. The related work is in progress, and the
results will be reported elsewhere.

6. DISCUSSION AND MODEL APPLICATION

The correlation model developed in this paper is a natural
extension of work of Sverjensky (1984), Sverjensky and
Molling (1992), and Rimstidt et al. (1998). However, our
model has several unique aspects. The following is a compar-
ison of our model with those of Sverjensky (1984) and Rim-
stidt, et al., (1998):

● The radius difference between substituent and host cations
can have a significant contribution to metal partitioning
(e.g.,, Gnanapragasam and Lewis, 1995; Rimstidt et al.,
1998) (Fig. 5). Using theb*MHX value obtained by regression
analysis (Table 1), we estimate that this contribution can be
up to 34 kcal/mol for divalent metal partitioning in calcite.
Both models of Sverjensky (1984) and Rimstidt et al. (1998)
do not explicitly account for the effect of cation radii; thus,
the application of these models is limited to cations that have
similar radii as host cations. As realized by Sverjensky
(1984), the application of his model is limited preferably to
cations with radius differences, 10%. In contrast, our
model accounts simultaneously for the effect of cation radii
(rMZ12rMH

Z1), the bonding ability of substituent cations
within a host mineral structure (DGn,MZ1

0 2 DGn,MH
Z1

0 ), and the
chemical potential difference between substituent and host
cations in solution (DGf,MZ1

0 2 DGf,MH
Z1

0 ). Therefore, our
model can apply to a whole range of cations, as demonstrated
in Figures 3 and 4. For example, for divalent metal partition-
ing in calcite, our model fits all experimental data with a
single straight line (Fig. 3A). In contrast, to fit the same data
set, the model of Rimstidt et al. (1998) needs to invoke two
correlation lines to accommodate the scattering of data
points, and actually, the line for large cations seems arbi-
trarily introduced (Rimstidt et al., 1998) (Fig. 2).

● The model of Rimstidt et al. (1998) has another limitation.

The model requires solubility product data for pure mineral
phases, many of which are not available. For example, as
mentioned in Section 1.0, large divalent cations such as
Pb21, Ra21, Ba21, Sr21, Sn21, and Eu21 never form stable
carbonate minerals with a calcite structure, and the solubility
products of these “fictitious” mineral phases are difficult to
obtain. In principle, this limitation could be overcome by
using the solubility products predicted by the method sum-
marized in Section 2.0. In fact, we did try this approach, but
found that the partition coefficients of divalent metals in
calcite were poorly correlated with the predicted solubility
products. The lack of the expected correlation again indicates
that the effect of cation radii must be explicitly considered in
the correlation of metal partition coefficients.

● The model of Sverjensky (1984) correlated the Gibbs free
energies of formation of pure carbonate mineral phases
(DGf,MX

0 ) only with DGf,MZ1
0 . Sverjensky and Molling (1992)

made a significant improvement in this correlation by explic-
itly considering the effect of the Born solvation energies and
the radii of cations. The significance of this improvement is
demonstrated in Figure 2. Our model further extends work of
Sverjensky and Molling (1992) by assuming that both terms,
DGf,MX

0 and loggMX in Eqn. 10, can be correlated to the
non-solvation energies (DGn,MZ1

0 ) and the radii (rMZ1) of
metal cations, respectively.

● No previous models have identified the importance of the
physical constraint that the partition coefficient of a host
cation must be equal to 1 for isovalent metal partitioning.
This constraint remains valid regardless of host mineral
precipitation rate and plays an important role in our model. It
reduces the degree of freedom for model fitting and serves as
an invariant point for metal partitioning into a family of
isostructural minerals. Our work indicates that host minerals
from the same isostructural family have the same linear free
energy relationship for a given set of substituent metals.
Therefore, our model can potentially be used to correlate a
family of isostructural minerals, instead of only a single solid
phase as previous models have done. Due to the existence of
the invariant point, the kinetic effect on a linear free energy
relationship can be described graphically by a seesaw line
anchored at the host cation (Fig. 3).

● Our model could apply to elevated temperatures if there were
sufficient experimentalKd data available to parameterize the
coefficientsa*MHX and b*MHX in Eqn. 12. Botha*MHX and
b*MHX would then become a function of temperature. As
shown in Section 3.2, the coefficienta*MHX in Eqn. 12 is very
close to theaMX in Eqn. 5 for pure mineral phases (see Table
1). Since the temperature dependence of thermodynamic
properties of pure minerals and metal cations can be pre-
dicted using the models developed by Helgeson et al. (1978,
1981), theoretically, both the first and the last terms on the
right side of Eqn. 12 can be calculated. However, the eval-
uation of the b*MHX term in Eqn. 12 requires actualKd

measurements at elevated temperatures, which are currently
lacking. Furthermore, as demonstrated above, theb*MHX term
(i.e., the effect of cation radii) can have a significant contri-
bution to overall metal partitioning. Therefore, under current
circumstances one should be cautious to extend our model to
elevated temperatures. The same caution should be taken for
both models of Sverjensky (1984) and Rimstidt et al. (1998).

1539Prediction of metal partition coefficients



Fig. 5. Rate dependence of partition coefficients of divalent metal in calcite. Notice that the partition coefficients can
either increase or decrease with calcite precipitation rates, depending on whether their values are less or greater than 1. As the
calcite precipitation rates increase, the partition coefficients approach certain plateau values, which are never close to 1.
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The predictions of these two models for elevated temperatures
could be valid only for metal cations with very similar radii.

6.1. Immobilization of Heavy Metals by MgO Backfill in
WIPP: An Example of Geochemical Engineering

Geochemical engineering makes use of optimized geochemi-
cal processes for the solution of environmental problems

(Schuiling, 1998; Brady and Kozak, 1995; van Gaans, 1998).
Waste containment and contaminant immobilization are an
active aspect of current geochemical engineering, in which the
prediction of metal partitioning between aqueous and solid
phases plays an important role in engineering design (e.g.,
Curti, 1997; Rimstidt et al., 1998). As an example of our model
applications, we here discuss the implication of the partition
coefficients predicted above to the immobilization of heavy
metals (including radionuclides) by MgO backfill in the Waste
Isolation Pilot Plant (WIPP).

The WIPP is a deep geologic repository located in a salt bed
in southern New Mexico and is designed by the U.S. Depart-
ment of Energy to demonstrate the safe and permanent disposal
of design-basis transuranic wastes. According to waste inven-
tory estimates, a large quantity of organic material is expected
to be emplaced in the WIPP, and they will be degraded poten-
tially by halophilic or halotolerant microorganisms in the re-
pository, thus generating a large amount of CO2 (Wang et al.,
1997):

C6H10O5 1 H2O3 3 CH4 1 3 CO2. (24)

To mitigate the effect of microbial CO2 generation on the
WIPP performance, a sufficient amount of MgO is added to the
repository as a backfill to control repository conditions through
the following reactions (Bynum et al., 1998):

MgO 1 H2O3 Mg(OH)2 (25)

Fig. 5. (continued)

Fig. 6. A conceptual model for explaining the rate dependence of
metal partition coefficients. Metal partitioning is assumed to be limited
by the incorporation of absorbed cations into mineral structure. As the
rate of host mineral precipitation increases, the ratio of substituent to
host cation in a solid approaches what is in the adsorbed layer.
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Mg(OH)2 1 CO23 MgCO3 1 H2O. (26)

The reaction shown in Eqn. 26 will buffer CO2 fugacity at
;1027 atm and pmH at 9 to 10. Under such conditions,
radionuclide solubility will become minimal, and therefore,
potential releases of radionuclides to the environment will be
reduced significantly (Wang et al., 1997; Bynum et al., 1998).

Due to the microbial reaction and the emplacement of MgO
backfill, it is anticipated that a large quantity of magnesite (or
other magnesium carbonate minerals) will potentially be
formed in the WIPP. Our model prediction (Table 3) indicates
that the heavy metal partition coefficients for magnesite are
usually at least one magnitude order higher than those for other
carbonate minerals, and thus, magnesite is a good scavenger for
heavy metals. Therefore, in the WIPP, MgO backfill will not
only reduce radionuclide solubility but also possibly immobi-
lize radionuclides by coprecipitation. Furthermore, because of
its high coprecipitation capability, MgO is probably a good
choice as backfill material for nuclear waste isolation, as com-
pared with other materials such as CaO-based materials (e.g.,
Brady and Kozak, 1995).

7. CONCLUSIONS

We have developed a linear free energy correlation model
that correlates metal partition coefficients with the properties of
corresponding metal cations. According to the model, a metal
partition coefficient can be expressed as a linear combination of
~DGn,MZ1

0 2 DGn,MH
Z1

0 !, which characterizes the bonding ability
of a substituent metal,~rMZ1 2 rMH

Z1!, which accounts for the
effect of metal radii, and~DGf,MZ1

0 2 DGf,MH
Z1

0 !, which repre-
sents the chemical potential difference between substituent and
host cations in solution. We have applied our model to both
isovalent and non-isovalent metal partitioning between carbon-
ate minerals and aqueous solutions. The model closely fits
experimental data, demonstrating the robustness of the pro-
posed linear free energy relationship. Using the model, we have
predicted the partition coefficients of divalent and trivalent
metals between various carbonate minerals and aqueous solu-
tions. The differences between the predicted and experimental
values are generally,1 logarithmic unit for divalent cations
and ,0.4 logarithmic unit for trivalent cations. Magnesite is
predicted to have the largest partition coefficients among the
carbonate minerals with a calcite structure and therefore, can be
a good scavenger for toxic metals. The implication of this
prediction to heavy metal immobilization in the WIPP deep
geologic repository is discussed.

For isovalent metal partitioning, the constraint ofKd 5 1 for
a host metal plays an important role in our linear free energy
correlation. It reduces the degrees of freedom for model fitting
and serves as an invariant point for metal partitioning into a
family of isostructural minerals. It is postulated that host min-
erals from the same isostructural family have the same linear
free energy relationship, as long as the relationship is expressed
as a function of the differences in cation properties between
substituent and host metals. For non-isovalent metal partition-
ing, a similar linear free energy relationship is also developed
by taking into account the detailed charge compensation mech-
anisms.

The kinetic effect on metal partitioning can be described

graphically by a seesaw line anchored at a host cation. To
explain the rate dependence of partition coefficients, we have
proposed a conceptual model that relates metal partitioning to
surface adsorption. The model suggests that as the rate of host
mineral precipitation increases, the ratio of substituent to host
cation in a solid approaches what is in the adsorbed layer. The
model also explains why no rate dependence has been observed
for the partition coefficients of highly charged cations.

The linear free energy correlation developed in this paper
provides a useful tool for systematizing existing experimental
data and for predicting unknown partition coefficients. Com-
bined with reactive transport modeling (e.g., Wang and Papen-
guth, 2000), this correlation approach will allow us to system-
atically evaluate the effect of coprecipitation on toxic metal
migration and bioavailability in subsurface environments.
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