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INTRODUCTION

Replenishment of data on distribution of chemical
elements between crystal and melt is very important for
understanding the nature of element fractionation dur-
ing crystallization, controlling impurity doping pro-
cess, and obtaining materials with desired properties.
Experimental studies and geochemical observations
demonstrate that the partition coefficient of an element
(

 

K

 

) depends on the size and charge of its ion, tempera-
ture, pressure, compositions of crystals and melts, and
oxygen fugacity during crystallization for elements
with variable valency. In some cases, the interpretation
of experimental results requires consideration of the
real character of chemical bonds in crystals.

Experimental determination of partition coefficients
is normally a laborious procedure because it is related
to the analysis of compositional changes in crystal and
melt during crystallization [1]. Thermodynamic calcula-
tions of 

 

K

 

 values were successfully used in many studies
devoted to the crystallization of alkali halogenides (e.g.,
[1, 2]) and in investigations of some oxide and silicate sys-
tems [1]. However, they require knowledge of excess
functions of mixing of components (enthalpy and entropy

of mixing) in solid and liquid phases. Experimental stud-
ies in this area provide only scarce data. This gap can be
partially filled using crystal chemical method for estimat-
ing the enthalpy of mixing [1, 3].

Methods of numerical modeling of crystal struc-
tures are extensively developed and allow calculations
of the energy of impurity ion dissolution (

 

E

 

ds

 

) [4]. Tran-
sition from 

 

E

 

ds

 

 values to 

 

K

 

 estimation is difficult
because the effects of temperature, defect concentra-
tions in crystals, entropy contribution to free energy of
their dissolution, and melt properties should be taken
into account. Calculations of 

 

K

 

 values using methods of
molecular thermodynamics are theoretically the strict-
est [5]. However, this approach also has some con-
straints and unresolved problems.

The above problems highlight the importance of
correlation methods in 

 

K

 

 estimation. They allow us to
classify the collected materials, predict unknown 

 

K

 

 val-
ues, and correct data deviated from general depen-
dences. Correlations of 

 

K

 

 values with the maximum
solubility of the impurity component in the crystal
phase, the standard electrode potential of the impurity
component, the melting temperature of the impurity,
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Abstract

 

—Partition coefficients (

 

K

 

) between forsterite crystal and melt are experimentally determined for
many univalent, bivalent, trivalent, and tetravalent trace elements. Using numerical modeling, we calculated the
energies of intrinsic and impurity defects in forsterite (

 

E

 

df

 

) and the energies of dissolution of univalent, bivalent,
trivalent, and tetravalent impurities (

 

E

 

ds

 

). These results are compared with literature data. A linear dependence
is established for the energy of defects on the charge of the impurity ion and the relative difference in the radii
of the impurity and matrix ions 

 

∆

 

r

 

/

 

d

 

, where 

 

d

 

 is the average interatomic distance in the matrix. Partition coefficients
are described by parabolic dependences on 

 

∆

 

r

 

/

 

d

 

 and charge of the impurity ion using literature data on 

 

K

 

 of impurity
elements in olivines and impurity ion dissolution energies. Linear dependences 

 

–

 

RT

 

ln

 

K

 

 – (

 

∆

 

r

 

/

 

d

 

)

 

2

 

 and 

 

E

 

ds

 

 –
(

 

∆

 

r

 

/

 

d

 

)

 

2

 

 pass through the origin for isovalent substitutions and are well apart from it for heterovalent substitu-
tions. Linear dependence 

 

(

 

∆

 

r

 

/

 

d

 

)

 

2

 

 has a free term of about 200 kJ/mol, which is approximately equal to a half of
the energy of formation of the Frenkel defect in forsterite; this defect maintains electroneutrality. If valency is
compensated due to addition into the melt of an ion with another charge (than that of the impurity ion), 

 

E

 

ds

 

 –
(

 

∆

 

r

 

/

 

d

 

)

 

2

 

 and 

 

–

 

RT

 

ln

 

K

 

 – (

 

∆

 

r

 

/

 

d

 

)

 

2

 

 lines at low 

 

(

 

∆

 

r

 

/

 

d

 

)

 

2

 

 shift to the origin. This means that energy consumption for
coupled isomorphism is lower than that for the formation of intrinsic structural defects. Correlation depen-
dences are proposed for the distribution of impurities and the energy of their dissolution. They indicate the
increasing contribution of the entropy components of impurity ion dissolution energy during heterovalent iso-
morphism.
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the energy of the crystal lattice of the impurity compo-
nent, and the diffusion coefficient of the impurity ion in
the crystal matrix were determined for some systems
[2, 6]. There is a significant empirical correlation
between 

 

K

 

 and the difference in radii (

 

∆

 

r

 

) of the impu-
rity and matrix ions. Onuma 

 

et al.

 

 [7] suggested
describing experimental data with a parabolic depen-
dence of 

 

ln

 

K

 

 on the radius of the impurity ion. Such a
dependence was also verified later for some inorganic
compounds and minerals [1, 4, 8–18]. Theoretical anal-
ysis [1, 12] leads to the conclusion that 

 

K

 

 values should
be a function of the relative difference of the impurity
and host ion radii, 

 

∆

 

r

 

/

 

d

 

 (where 

 

d

 

 is the interatomic dis-
tance in the matrix crystal). Experimental data on par-
tition coefficients can be also presented using depen-
dences on 

 

∆

 

r

 

3

 

 (difference in the atomic volumes of the
ions participating in the substitution) [19].

In this study, we experimentally determined the par-
tition coefficients of various impurities between forster-
ite (

 

Fo

 

) crystal and melt and analyzed their depen-
dences on the difference in ionic radii and charges.
These data are compared with the results of numerical
modeling of intrinsic and impurity defects in 

 

Fo

 

 to
reveal the relation between macroscopic properties,
which can be determined experimentally, and calcu-
lated energy of impurity ion dissolution.

EXPERIMENTAL DETERMINATION 
OF PARTITION COEFFICIENTS OF IMPURITY 
BETWEEN FORSTERITE CRYSTAL AND MELT

Forsterite single crystals were grown from melt
(

 

T

 

melt

 

 = 1890°ë

 

) using Czochralski’s technique. The
starting material was prepared of ultrapure 

 

SiO

 

2

 

 and
MgO taken in stoichiometric proportion. Impurities
were added as oxides and carbonates. Crystals were
grown in inert atmosphere from iridium crucible on a
single crystal 

 

Fo

 

 seed, which was oriented along [010]
(

 

Pnma

 

 orientation). For V and Cr as elements with vari-
able valency, crystallization was performed under vari-
ous redox conditions, and oxygen fugacity varied
within –4 

 

≤

 

  

 

≤

 

 –0.9. Crystal rotation rate was
12–20 r/min. Crystallization rate was 2 mm/h in most
runs and was increased to 7 mm/h in some cases for
estimation of the influence of the crystallization rate on

 

K

 

 value. The cooling rate of the crystals was about
100 K/h. Proportion of the crystallized melt normally
did not exceed 5–10%.

Concentrations of impurities in the crystals were
determined using electron microprobe analysis
(EMPA), neutron activation (NAA), inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES),
atomic absorption (AA), and flame atomic emission
spectroscopy (FAES).

The partition coefficient was estimated by extrapo-
lation of the dependence 

 

K

 

(

 

g

 

) = 

 

C

 

S

 

/

 

C

 

LÓ

 

 to 

 

g

 

 = 0, where

 

C

 

S

 

 is the impurity content in crystal, 

 

C

 

LÓ

 

 is the initial
impurity content in the melt, and 

 

g

 

 is the proportion of the

f O2
( )log

 

crystallized melt. Note that changes in growth rate did not
lead to significant differences in partition coefficients.

Results of 

 

K

 

 determination are shown in Table 1.
Some data were published earlier [11, 20]. Table 1 also
lists the radii of the impurity ions (

 

r

 

) for six- and fourfold
coordinations (for tetravalent impurities) [21], the initial
impurity contents in the melt (

 

C

 

LÓ

 

), the partition coeffi-
cients (

 

K

 

), the confidence level of their determination
(

 

∆

 

K

 

), and the method of impurity analysis in the crystal.
The partition coefficient for V (

 

K

 

V

 

) is 0.07 and does
not change with variations of oxygen fugacities. Invari-
able 

 

K

 

V

 

 values are caused by the fact that the main part
of vanadium within the studied interval of oxygen
fugacities occurs in 

 

V

 

4+

 

 form [22]. However, 

 

K

 

Cr

 

 changes
from 0.18 to 0.09 and is 0.18 at 

 

 = 10

 

–4 for crystals

with dominant Cr3+ [23]. Titanium in crystals grown in
inert atmosphere generally occurs in Ti4+ form [24].

The experimentally obtained K values are presented in
Fig. 1 as function of difference in radii of impurity and
matrix cations (∆r) with allowance for bivalent and triva-
lent ion substitution for Mg in octahedral sites of forsterite
and tetravalent ion substitution for Si in tetrahedral sites.

Comparison of our results with data of [25] demon-
strates that K of trivalent impurities in [25] are overes-
timated in most cases relative to our data (Fig. 1), prob-
ably due to the addition of Na+ ions to the melt in [25],
which could compensate valency.

FORMATION AND INTERACTION OF DEFECTS 
IN THE SYSTEM OF FORSTERITE 

CRYSTAL AND MELT

Forsterite structure (Fig. 2) consists of isolated zig-
zag chains of Mg octahedra parallel to b axis (space
group Pnma) with M1 octahedra in the chain axes and
M2 octahedra at the chain tips. Within one layer in the
ab plane, the chains of Mg octahedra alternate with
similar chains of octahedral vacancies with M3 vacan-
cies at their axes and M4 vacancies at their tips. The
next layer of Mg octahedra is shifted relative to the pre-
vious one so that the filled Mg chains lie above the
vacancy chain of the previous layer and vice versa [26].
The chains of filled octahedra of the first and third lay-
ers are linked with Si tetrahedra S1 and separated by
tetrahedral vacancies S2 and S3.

Impurity ion dissolution in crystal can be considered
as exchange reactions between crystal phase and melt
containing the main and impurity components in forms
of ionic oxides. Isovalent substitutions of Mg ion by
bivalent impurity Me2+ can be written as the following
quasichemical reaction:1

1 Hereafter, the Kroeger notations are used: subscript index denotes
site in crystal, the superscript corresponds to excess positive
charge (�) or excess negative charge (') of the impurity ion rela-
tive to the charge of matrix ion (×), ν is vacancy, and I is inter-
stice.

f O2



GEOCHEMISTRY INTERNATIONAL      Vol. 44      No. 1      2006

CRYSTAL CHEMICAL AND ENERGY ANALYSIS OF PARTITION COEFFICIENTS 21

(1)

where subscript L means that the corresponding oxides
are components of the melt.

The analogous reaction for a tetravalent impurity
Me4+ in Si site can be written as:

(2)

The energy of impurity ion dissolution Eds for reactions (1)
and (2) can be calculated by Eqs. (3) and (4):

Eds(Me2+) = Edf( ) + Elat(MgO) – Elat(MeO), (3)

Eds(Me4+) = Edf( ) + Elat(SiO2) – Elat(MeO2), (4)

where Edf is the energy of impurity defects (  or

) in Fo, and Elat is the energy of lattices of pure

MgMg
× MeO( )L+ MeMg

× MgO( )L,+⇔

SiSi
× MeO2( )L MeSi

× SiO2( )L.+⇔+

MeMg
×

MeSi
×

MeMg
×

MeSi
×

oxides. The small difference in the enthalpies of oxide
melting can be neglected in this approximation.

The heterovalent substitution of Mg2+ by univalent
åÂ+ or trivalent Me3+ ions produces an impurity defect
with excess negative or positive charge. Various mech-
anisms of charge compensation of such defect are pos-
sible. The excess negative charge induced by a univa-
lent impurity ion can be compensated at the expense of

intrinsic Fo defects (vacancies in oxygen sites  and

interstitial Mg incorporation ) in the following
ways:

(5)

(6)

νO

..

MgI

..

1
2
--- Me2O( )L MgMg

× 1
2
---OO

×+ +

⇔ MeMg' 1
2
---νO

..
MgO( )L,+ +

1
2
--- Me2O( )L MgMg

×+ MeMg' 1
2
---MgI

.. 1
2
--- MgO( )L.+ +⇔

Table 1.  Coefficients of impurity partitioning between forsterite crystal and melt

Impurity r (Å) CL0, wt % K ∆K Analytical method

Univalent impurities

Li 0.76 0.2 0.007 0.001 ICP-AES, FAES

Bivalent impurities

Ni 0.69 0.8–3.3 0.75 0.04 EMPA

Co 0.745 0.18–0.2 0.53 0.04 EMPA

Mn 0.83 1.0 0.39 0.02 EMPA

Ca 1.0 1.12 0.073 0.005 EMPA

Sr 1.18 1.22 0.0007 0.0002 AA

Ba 1.35 1.44–1.91 0.0004 0.0002 ICP-AES

Trivalent impurities

Cr 0.615 0.14 0.18 0.018 EMPA

Ga 0.62 4.4 × 10–4 0.055 0.009 NAA

Sc 0.745 2.8 × 10–4 0.19 0.02 NAA

Lu 0.861 1 × 10–3 0.1 0.01 NAA

Er 0.89 0.4–0.6 0.02 0.002 EMPA

Gd 0.938 4.9 × 10–3 0.022 0.003 NAA

Eu 0.947 9.4 × 10–4 0.0054 0.0009 NAA

Sm 0.958 1 × 10–3 0.007 0.001 NAA

Nd 0.983 0.17–0.19 0.002 0.0005 NAA

La 1.032 8 × 10–4 0.002 0.0007 NAA

Tetravalent impurities

Ti 0.42 0.34–0.67 0.06 0.003 ICP-AES, EMPA

V 0.46 0.35–2 0.07 0.005 EMPA

Hf 0.58 1.25 0.0017 0.0008 NAA

Zr 0.59 0.65–1.26 0.002 0.0008 ICP-AES, NAA
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Compensation of excess charge for the trivalent impu-
rities can occur by the following mechanism:

(7)

where  is vacancy in Mg site. Charge compensation
can also occur with coupled incorporation of trivalent
and univalent ions2 in Mg site:

(8)

as well as a pair of trivalent ions in Mg and Si sites:

(9)

2 One of the ions is denoted by M instead of Me to distinguish
impurity ions in Eqs. (8), (9), and (16).

1
2
--- Me2O3( )L

3
2
---MgMg

×+

⇔ MeMg

. 1
2
---νMg'' 3

2
--- MgO( )L,+ +

νMg''

1
2
--- Me2O3( )L

1
2
--- M2O( )L 2MgMg

×+ +

⇔ MMg' MeMg

.
2 MgO( )L,+ +

1
2
--- Me2O3( )L

1
2
--- M2O3( )L 2MgMg

× SiSi
×+ + +

⇔ MSi' MeMg

.
2 MgO( )L SiO2( )L.+ + +

The energies of dissolution for reactions (5)–(9) are
described by the following equations:

(10)

(11)

(12)

(13)

(14)

It is known that charged defects can form dual, triple,
and more complex associates:

(15)

(16)

In these cases, the energy of the associate formation
from isolated defects should be taken into account in
the dissolution energy calculation.

NUMERICAL MODELING OF DEFECTS 
IN FORSTERITE CRYSTALS

Numerical modeling can be used for estimation of
defect energies and calculation of the energy of the
optimized structural model of crystal. The energy of the
defect depends on its interaction with the surrounding
matrix and is determined by the minimization of the
static energy of the crystal with this defect during
changes in the position of atoms and dipole moments
around the point defect. This energy presents the differ-
ence between the energy of a crystal distorted by defect
formation and the energy of a defect-free crystal.

According to the Mott-Littleton model, a crystal can
be divided into two regions: region I, containing a
defect and its surroundings; and region II, the rest of the
crystal. Shifts and dipole moments in the inner region I

Eds Me+( ) Edf MeMg'( ) 1
2
---Edf νO

..
( )+=

+ Elat MgO( ) 1
2
---Elat Me2O( ),–

Eds Me+( ) Edf MeMg'( ) 1
2
---Edf MgI

..
( )+=

+ Elat MgO( ) 1
2
---Elat Me2O( ),–

Eds Me3+( ) Edf MeMg

.
( ) 1

2
---Edf νMg''( )+=

+
3
2
---Elat MgO( ) 1

2
---Elat Me2O3( ),–

Eds Me3+ M+,( ) Edf MeMg

.
( ) Edf MMg'( )+=

+ 2Elat MgO( ) 1
2
---Elat Me2O3( )–

1
2
---Elat M2O( ),–

Eds Me3+ M3+,( ) Edf MeMg

.
( ) Edf MSi'( )+=

+ 2Elat MgO( ) 2Elat SiO2( ) 1
2
---Elat Me2O3( )–+

–
1
2
---Elat M2O3( ).

2MeMg

.
νMg''+ MeMgνMgMeMg( )×,⇔

MeMg

.
MMg'+ MeMgMMg( )×.⇔

1

0.1

0.01

0.001

–0.2 0 0.2 0.4 0.6
∆r,  Å 

K
Ni

Mn

YbLu

CaV4+

La

Gd

Zr

Sr

Ba

Ga

Hf
Nd

La

Eu

Sm
Eu

Er

Dy
TiGa

V3+

Cr

Co

Sc
Me2+

Me3+

Me4+

Me3+ [25]

Fig. 1. Coefficients of impurity partitioning between for-
sterite crystal and melt as functions of difference in radii of
ions participating in substitution (Onuma curves).
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are determined by consideration of ion interaction,
while the crystal in the outer region II is regarded as a
dielectric medium in continuum approximation. Calcu-
lation was performed in static approximation for the
case of infinite dilution. The region I was 10 Å in radius

and included 638 ions or >90 molecular units (about
20 unit cells).

Modeling of Fo structure was performed using
GULP (General Utility Lattice Program) [27] in frames
of ionic approximation. The pair potential Uij of inter-

M2

M2

M1

M1

M1 M3

M3

M3

M4

M4

S1

S1

S2

S2

S3

S3

S3

S3

a

b

c

(a)

(b)

Fig. 2. Forsterite structure: (a) occupied (M1, M2) and vacant (M3, M4) octahedral sites; (b) occupied (S1) and vacant (S2, S3)
tetrahedral sites.
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action of ions i and j with charges qi and qj is an alge-
braic sum of several terms:

(17)

The first term presents Coulomb interaction, the sec-
ond one, repulsion originating due to overlap of the
electron shells of neighboring atoms, while the last
describes Van der Waals interaction; Rij is interatomic
distance, Bij , λij , and cij are parameters of short-range
potentials.

It is known that chemical bonds in such oxide and
silicate compounds as Mg2SiO4 cannot be adequately
described using ionic model proper. One of the efficient
methods to account for the covalent component is to
consider the polarizability of individual atoms, usually of
anions. The polarizability of an oxygen ion is normally
taken into account using a shell model. In this approach,
the ion is regarded as a core, which includes the whole
mass and is surrounded by a spherical charged shell mod-
eling a valent electron cloud. The core and shell are linked
by the harmonic elastic constant χi:

(18)

where li is the distance between the core and the center
of the shifted shell.

Three-particle interaction was considered for the
directed partially covalent ijk bond O–Si–O using the
potential of the bond bend:

Uijk =(1/2)αijk(θijk – θ0)2, (19)

where αijk is constant, θijk is the equilibrium angle
between bonds, θ0 is the angle in a regular tetrahedron
(109.47°). The values of the parameters of interaction
potentials were taken from [28–30].

Uij Rij( ) qiq je
2/Rij Bij Rij/λij–( )exp cij/Rij

6 .–+=

Ui
S 1/2( )χili

2,=

The results of modeling the structure of defect-free
Fo crystal can be compared with experimental data
[31]: deviation of calculated values from experimental
ones is <1% for unit cell parameters and 1.5% for vol-
ume. The largest difference in atomic coordinates is
5%; the difference in bulk modules is 12%.

The results of the calculation of the energy of the
intrinsic defects in Fo are given in Table 2. The lowest
values of defect energies are given in bold; the corre-
sponding defects are the most energetically favorable
and, hence, should be most abundant.

The M1 site is more preferential for Mg vacancies
than the M2 site. Oxygen vacancies more readily form
in site O3, while the O1 site with short bond Si–O1 is

the least favorable. Energies of Mg ( ) and O ( )
vacancies are almost equal, whereas the formation of Si

vacancies ( ) requires fourfold energy consump-
tion. Like for the oxygen interstices, the probability of

 formation is lower as compared to the other
defects of Fo [32].

The energy of formation of Frenkel defects for Mg

ions 0 ⇔  +  per one particle can be estimated
using the following equation:

EF = [Edf( ) + Edf( )]. (20)

EF is about 360 kJ/mol (Table 4).
The energy of formation of Schottky defects per one

particle of Mg2SiO4 molecule can be derived from

(21)

It is about 570 kJ/mol. Therefore, Frenkel defects form
significantly more easily in Fo structure then Schottky
defects. The energies of intrinsic defects listed in Table 2
are consistent with experimental data and other calcu-
lation results [33, 34].

The values used of parameters of interaction poten-
tials Me-O for impurity centers and obtained energies
of defects (Edf) and energies of impurity ion dissolution
(Eds) are listed in Table 3. The table also presents ener-
gies of pure impurity oxide lattices (Elat). The energies
of MgO and SiO2 lattices are not given in Table 3 and
are equal to –3980 and –12 390 kJ/mol, respectively.
The energies of pure oxide lattices and the energies of
the corresponding defects in forsterite were calculated
at the same repulsion parameters. Since the energies of
defect formation are the differences between these val-
ues, we can expect compensation of errors originated,
for instance, due to the use of ionic approximation.

The data of Table 3 for the most bivalent impurities
well agree with calculation results [35]. The largest dif-

νMg'' νO

..

νSi

....

νSi

....

νMg'' MgI

..

1
2
--- νMg'' MgI

..

ESch
1
7
--- 2Edf νMg''( ) Edf νSi

....
( )+([=

+ 4Edf νO

..
( ) Elat Mg2SiO4( ) ].–

Table 2.  Intrinsic defects in forsterite crystal and their ener-
gies

Defect Site Edf, kJ/mol

M1 2360

M2 2550

M3 –1110

M4 –1650

S1 9960

S2 –7490

S3 –7620

O1 2700

O2 2430

O3 2350
Frenkel magnesium defect EF = 360

Schottky defect ESch = 570

νMg"

MgI
..

νMg""

SiI
....

νO
..
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ferences in Eds values of 40 and 80 kJ/mol for Sr and Ba
impurities are caused by using different values of repul-
sion parameters. The results of our calculations for het-
erovalent substitutions cannot be compared with the
results of [36] because Edf values are presented in [36]
only graphically, while Eds values for the case of charge
compensation by intrinsic defects are not reported. How-
ever, note the significant difference in Edf values for Cr3+.

The difference may also be related to the use of different
parameters for repulsion potentials. The problem of selec-
tion of these parameters is unresolved at present.

As follows from analysis of calculation results, the
univalent impurities (except for large Rb+ ion) probably
prefer the M1 site to the M2 site.

The energies of dissolution in both octahedral sites
are close for bivalent Ni, Co, and Fe; Eds for Ni2+ is

Table 3.  Parameters of potentials and results of calculation of energies of impurity defects (Edf) and energies of impurity
dissolution (Eds) in forsterite

Impurity ∆r, A
Parameters of potentials

Calculated energies, kJ/mol

Edf Elat Eds

B, kJ/mol λ, Å M1 M2 MeiOy M1 M2

Univalent impurities

Li+ 0.04 292.3 0.3472 1621 1679 –2808 208 266

Na+ 0.3 611.1 0.3535 1900 1930 –2402 285 314

K+ 0.66 902.8 0.3698 2248 2258 –2142 502 512

Rb+ 0.8 1010.8 0.3793 2431 2430 –2045 637 636
Bivalent impurities

Ni2+ –0.03 1582.5 0.2882 –33 –30 –4012 –5 –2

Co2+ 0.025 14991.7 0.2951 35 31 –3940 –10 –14
Fe2+ 0.06 1207.6 0.3084 101 91 –3871 –12 –22
Mn2+ 0.11 1007.4 0.3262 241 218 –3737 –6 –29
Ca2+ 0.28 1090.4 0.3437 570 516 –3469 55 1
Sr2+ 0.46 959.1 0.3721 924 843 –3224 164 84
Ba2+ 0.63 905.7 0.3976 1306 1203 –2959 281 178

Ttrivalent impurities

Cr3+ –0.105 1255.2 0.349 –1489 –1609 –13202 310 191
Ti3+ –0.05 1715.7 0.3069 –2208 –2277 –14509 245 175
Sc3+ 0.025 1299.4 0.3312 –1912 –2001 –13941 256 167
Yb3+ 0.148 1309.6 0.3462 –1502 –1621 –13197 294 175
Y3+ 0.18 1345.1 0.3491 –1388 –1514 –13002 311 185
Gd3+ 0.218 1336.8 0.3551 –1237 –1374 –12753 337 200
Eu3+ 0.227 1358 0.3556 –1201 –1340 –12695 344 205
Nd3+ 0.263 1379.9 0.3601 –1059 –1206 –12469 374 226
Pu3+ 0.28 1376.2 0.3593 –1084 –1230 –12509 369 222

Tetravalent impurities

Ge4+ 0.13 1035.5 0.3464 887 –11489 –43

Ti4+ 0.16 754.2 0.3879 1665 –10851 98

V4+ 0.2* 706.882 0.3865 1339 –11055 –25

Hf 4+ 0.32 1454.6 0.35 2155 –10554 290

Zr4+ 0.33 1608.1 0.3509 2465 –10446 492

Ce4+ 0.52* 1986.8 0.3511 2982 –10061 623

U4+ 0.55* 2246.8 0.3554 3418 –9706 705

Th4+ 0.6* 2201.1 0.357 3430 –9686 698

Note: Asterisks – ionic radii obtained by extrapolating the dependence of r on the coordination number.
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somewhat lower in the M1 site, while Eds for Co2+ and
Fe2+ is some lower in the M2 site. According to experi-
mental data [37], these ions can replace Mg in both the
M1 and M2 sites, but they (particularly, Ni2+) prefer the
M1 site. In natural olivines, Fe2+ contents can prevail in
the M1 or M2 sites, depending on the conditions of oli-

vine formation, and Fe2+ distribution between M1 and
M2 can be modified by heating under conditions of
controlled oxygen fugacity [38]. The energies of disso-
lution of the other impurities are lower for the M2 site
than for the M1 site, which is consistent with experi-
mental data on the prevalent substitution of Mg in M2
by Ca2+ and Mn2+ [37, 39, 40].

According to theoretical calculations, trivalent
impurities should prefer the M2 site. These conclusions
agree with EPR data indicating that Gd3+ occupy the
M2 site in Fo [41]. However, analysis of EPR spectra
shows that Cr3+ is preferentially incorporated into the
M1 site [42–45]. The Cr3+ ions replace Mg ions in Fo
in the M1 and M2 sites in proportion varying from 3 : 2
[43] to 9 : 2 [42] with this ratio growing under more
oxidized conditions.

Thus, with the above assumptions, calculation of the
energies of impurity ion dissolution in some cases
allows the correct estimation of ion distribution
between sites. These estimates, however, are not always
successful because cation distribution is governed by
various factors. This distribution depends not only on
cation size, its charge, and electronegativity, strength of
crystal field, and nature of site in crystal structure, but
varies also with temperature, rate of crystal cooling,
and oxygen fugacity. The chemical bonding of an ele-
ment in different structural sites and the energies of sta-
bilization of transitional element atoms by the crystal
field in sites with different symmetries should be taken
into account to estimate the energy of site ordering
[12]. These factors cannot be properly considered in
numerical modeling.

DEPENDENCE OF ENERGIES OF DEFECTS
AND ENERGIES OF IMPURITY DISSOLUTION 

ON SIZE AND CHARGE OF IMPURITY ION
Figure 3 shows the dependence of the energy of defect

(Fig. 3a) and energy of impurity ion dissolution (Fig. 3b) on
the relative difference in the radii of the impurity ion and
the substituted matrix ion, (∆r/d), where d is the average
interatomic distance Me-O in the substitution site, which is
equal to 2.11 Å for Mg–O and 1.63 Å for Si–O. The energy
of defect and energy of impurity dissolution have different
values for the M1 and M2 sites. They are represented by
their lowest values printed in bold in Table 3.

The energies of defects can be best described by a lin-
ear function of the size parameter ∆r/d, while the disso-
lution energies can be described by a quadratic function.

The dependences of the energies of defects on ∆r/d
can be approximated by the following equations (Edf is
in kJ/mol):

åÂ+: Edf = 2200(70)(∆r/d) + 1580(20), R2 = 1.00;

åÂ2+: Edf = 3970(70)(∆r/d) – 3(11), R2 = 1.00;

åÂ3+: Edf = 4300(1200)(∆r/d) – 1850(100), R2 = 0.63;

åÂ4+: Edf = 8200(800)(∆r/d) + 500(200), R2 = 0.94.

Table 4.  Calculated energies of dissolution (kJ/mol) of triva-
lent impurities in the mode of impurity-vacancy associates
and by mechanism of coupled isomorphism with valency
compensating ion

Me
Associates Compensator

Edf Eds

Cr3+ –1119 65 49 126 342

Ti3+ –2461 48 34 111 327

Sc3+ –1901 43 26 103 319

Yb3+ –1148 48 34 111 327

Y3+ –936 56 43 121 337

Gd3+ –656 72 59 136 352

Eu3+ –589 77 64 141 357

Nd3+ –318 99 85 162 378

Pu3+ –368 94 81 158 374
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Fig. 3. Dependence of the energy of impurity defects (Edf)
on the size parameter ∆r/d (a) and the energy of impurity
dissolution in forsterite crystal (Eds) on (∆r/d)2 (b).
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Standard uncertainties in the estimation of the coeffi-
cients of linear regression are given in parentheses.
Correlation coefficients (R2) are also demonstrated.

The dependences of Edf on ∆r/d for isovalent substi-

tutions (  and ) pass closer to the origin than
those for heterovalent substitutions. Thus, replacement
of the host ion with an ion of similar size (∆r/d  0)
and equal charge only insignificantly changes the total
energy of the crystal lattice. These changes can be
related to differences in the repulsion parameters of the
ions involved in the substitution. These parameters
characterize the contribution of the different electron
configurations of the impurity ion and the substituted
matrix ion. For the heterovalent substitution ( ,

), the dependences of the energy of defect on the
relative difference in ionic radii cut a segment on the
ordinate axis with absolute length of 1500–
2000 kJ/mol, i.e., the charged impurity defect causes
significant changes in crystal energy, even at small dif-
ference in ion sizes. These changes are comparable
with changes in Fo crystal energies due to intrinsic Mg
and O defects (Table 2).

The slope of the dependence of the energy of defect
on the relative difference in ionic radii increases in the
following sequence: Me+ < Me2+ < Me3+ < Me4+; i.e., the
energy of defect becomes more sensitive to size incom-
patibility with increasing charge of the impurity ion.
Univalent impurities generally preferring the M1 site
have smaller slope of the dependence. Bivalent and triva-
lent impurities preferring M2 site show a slope about
twice as long. The slope of the dependence of Edf on ∆r/d
for tetravalent impurities is more than three times larger
than for univalent and two times larger than for bivalent
impurities. This may indicate that the tetrahedral site is
much less elastic than the octahedral one, and the dis-
torted octahedral site M2 is less elastic than the M1 site.

It is known that compressibility is proportional to
mole volume for isostructural materials [12, 46–49] or
kV = const, where k is bulk module and V is mole vol-
ume. Similar dependences were determined for some
cation sites in complex crystals [50]. For oxides and sil-
icates, this dependence can be written as

kd3/qc = 7.5 ± 0.2 Mbar Å3, (22)

where k is bulk module, d is the average length of the
cation–anion bond in a coordination polyhedron, and qc
is the cation charge. The dependence allows estimating
k value, which is 1.6 ± 0.04 Mbar for MgO6 octahe-
dron and 6.9 ± 0.2 Mbar for SiO4 tetrahedron.

The dependences of the energies of impurity disso-
lution on the square of the relative difference in ionic
radii are presented in Fig. 3b and can be described by
the following equations (Eds in kJ/mol):

åÂ+ : Eds = 3000(80)(∆r/d)2 + 215(7), R2 = 1.00; 

åÂ2+: Eds = 2200(150)(∆r/d)2 – 22(6), R2 = 0.98; 

MeMg
× MeSi

×

MeMg'

MeMg

.

åÂ3+: Eds = 3080(400)(∆r/d)2 + 170(4), R2 = 0.88; 

åÂ4+: Eds = 5700(900)(∆r/d)2 + 25(70), R2 = 0.86.

For isovalent substitutions ( (åÂ2+),

(åÂ4+)), and Eds – (∆r/d)2, the dependence passes
near the origin. For heterovalent substitutions
( (åÂ+), (åÂ3+), the corresponding depen-
dences may deviate from the origin by about 200 kJ/mol.
This value is comparable with the energy of formation
of valency-compensating defects. According to Eqs. (6)
and (7), half of the EF value from Eq. (20), i.e., about
180 kJ/mol, is required for compensation of the excess
charge unit of the impurity ion.

The slope of Eds dependence on (∆r/d)2 for substitu-

tion to the Si site ( (åÂ4+)) is significantly larger
than for substitution to Mg site (åÂ+, åÂ2+, and Me3+).

As it follows from phenomenological crystal chem-
ical theory of isomorphous mixing [3, 12], the energy
of the dissolution of the isolated impurity can be repre-
sented as

Eds = mηqÒq‡(∆r/d)2,

where m is the empirical parameter, which is about
100 kJ/mol for oxides, η is the coordination number in
substitution site, qÒ and q‡ are the formal charges
(valencies) of cation and anion. Then, the slope of the
Eds – (∆r/d)2 dependence will be equal to 2400 kJ/mol
for the Mg site and 3200 kJ/mol for the Si site. The former
value is close to the average slope for the linear depen-
dences for åÂ+, åÂ2+, and Me3+ (2700(400) kJ/mol), but
the latter is lower than the slope value in the equation
Me4+ (5700(900) kJ/mol).

The dependence of Edf of ionic charge at constant ∆r/d
can be described by a linear function, while the depen-
dence of Eds can be described by a parabola (Fig. 4). Note
that Edf and Eds shift to higher levels with increasing ∆r/d.

Table 4 also contains estimates of the energy of
defect and energy of impurity dissolution for trivalent
impurities for the case when defect is impurity–
vacancy associate. The sum of the energies of isolated
defects in Eq. (12) should be replaced by energy of
associate. Comparison of results presented in Tables 3
and 4 demonstrates that the formation of associates is
energetically favorable, i.e., impurities should gravitate
to intrinsic defects of crystal. This mechanism was pro-
posed by the authors [1, 51] to explain the effect of
impurity trapping with abrupt increase of K values for
concentrations lower than the concentrations of intrin-
sic thermal defects of crystal.

Table 4 also includes results of calculation of disso-
lution energy Eds of trivalent impurities by mechanism
of coupled isomorphism, see Eqs. (8) and (9). Note that
Eds (Me3+) values decrease in the following sequence of
valency compensators:  >  > . The latter

MeMg
×

MeSi
×

MeMg' MeMg

.

MeSi
×

AlSi' NaMg' LiMg'
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two dissolution modes are more favorable than the
vacancy mechanism of charge compensation. The par-
ticipation of Li+ ions in dissolution decreases the energy
of Cr3+ dissolution by 140 kJ/mol. The formation of
(MeMgLiMg)× associates gives additional energy saving.
For example, Eds decreases by 70 kJ/mol with the for-

mation of ( )× associate and by 40 kJ/mol with

formation of ( )× associate.

CRYSTAL CHEMICAL ANALYSIS
OF COEFFICIENTS OF IMPURITY 

PARTITIONING

Changes in –RTlnK for ions with equal valencies
can be described by linear dependences on (∆r/d)2,
which are shown in Fig. 5a

åÂ2+: –RTlnK = 2400(100)(∆r/d)2 + 7(2), R2 = 0.99; 

åÂ3+: –RTlnK = 4000(500)(∆r/d)2 + 32(6), R2 = 0.88;

åÂ4+: –RTlnK = 2200(300)(∆r/d)2 + 21(9), R2 = 0.96; 

where R is absolute gas constant.

CrM1
3+ LiM1

+

CrM2
3+ LiM1

+

KBa is an exception and has higher values than the
values expected from general regularities in K varia-
tions with changes of sizes of bivalent ions. This may
be related to accuracy in the experimental determina-
tion of impurity with low solubility or to the effect of
impurity trapping [1, 51]. The probability of the latter
mechanism sharply increases for impurities strongly
different from matrix ions in properties.

For ions of similar sizes, the coefficient of impurity
partitioning between the forsterite crystal and the melt
decreases in the following sequence: Me2+ > Me4+ >
Me3+ > Me+. Lithium with Li+ radius of 0.76 Å close to
the Mg2+ radius of 0.72 Å shows the lowest K value as
compared to the other cases of heterovalent substitu-
tions. This is consistent with the Goldschmidt rule of
isomorphism polarity [12], according to which, the ion
with higher charge is more easily incorporated into
crystal than the ion with lower charge.

The K values obtained in our experiments of Fo
crystallization from melt can be compared with litera-
ture data [10, 25, 52]. It should be taken into account
that forsterite crystals were grown in [25] from melt
with addition of Na+ as charge compensator, while the
data of [10] were obtained at temperatures of olivine
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Fig. 4. Dependence of the energy of defects (a) and the
energy of impurity dissolution (b) on the charge of impurity
ion substituting for Mg2+ in forsterite crystal for various
∆r/d values.

Fig. 5. Correlation of the partition coefficient with squared
size parameter for impurities with various valencies in oliv-
ine: (a) forsterite melt; (b) silicate melts of various compo-
sitions (open symbols denote Fe-bearing olivines).
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crystallization of 1190–1495°ë from silicate melts
varying in composition from basalt to komatiite. Oliv-
ines studied in [52] crystallized at T = 1180–1420°ë
from synthetic basalts with 5–30 wt % FeO.

Figure 5b shows dependences of –RTlnK on (∆r/d)2,
which also involve literature data [10, 25, 52]:

åÂ2+: –RTlnK = 2990(70)(∆r/d)2 – 5(1), R2 = 0.96; 

åÂ3+: –RTlnK = 6000(240)(∆r/d)2 + 24(2), R2 = 0.87. 

In this case, KBa values were also excluded from the cal-
culation of the linear correlation. KLa values from [10]
were also eliminated for the same reason. The plotted
lines for åÂ2+ and Me3+ differ from the lines that were
drawn using only our experimental data. This is proba-
bly related to the influence of melt composition.

Figure 6 shows variations of K as a function of the
charge of the impurities substituted for Mg. The solid
line traces K variation at ∆r/d = 0.02 and is based on
experimental KLi and K values for bi- and trivalent
impurities estimated by correlation equations for for-
sterite. These equations are also used in the calculation
of K for bi- and trivalent impurities at ∆r/d varying from
0.05 to 0.14. Moreover, Fig. 6 shows experimental data
for impurities with sizes similar to the Mg2+ ion (Li+,
Co2+, and Sc3+ with ∆r/d ≤ 0.02) and for impurities with
strongly different sizes (Ca2+ and Nd3+, ∆r/d = 0.13 and
0.12, respectively). Thus, K dependence on impurity
ion charge can be described by a parabola. With
increasing ∆r/d, the parabola shifts to lowest K values.
The parabolic dependence of K on the charge of the
impurity ion occupying the M2 site in clinopyroxene
was discussed earlier in [53].

THERMODYNAMIC ANALYSIS OF PARTITION 
COEFFICIENTS OF IMPURITIES

It is known [1] that the coefficient of impurity parti-
tioning between crystal and melt is a function of crys-
tallization temperature (T):

(23)

where ∆ (i) and ∆ (i) are enthalpies of mixing in
solid and liquid phases; ∆Hmelt(i) and ∆Smelt(i) are enthalpy
and entropy of melting of an impurity component; and
∆Svibr is vibration contribution to mixing entropy.

Figure 7a shows temperature dependences of K for
some bivalent and trivalent impurities, which are pre-
sented as –RlnKi = ai/T + bi. They are obtained using data
from [10] and [52]. Coefficients ai and bi determined from
experimental dependences (Fig. 7a) are enthalpy, ai = ∆H =

∆ (i) – ∆ (i) – ∆Hmelt(i), and entropy, bi = ∆S =
(∆Smelt(i) – ∆Svibr), contributions to the free energy control-
ling the distribution of impurities.
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There is a compensation effect between the entropy
and enthalpy components of free energy [3] expressed
in a linear correlation between these parameters: ∆S =
∆H/Tcomp + const. Figure 7b verifies the occurrence of
such a correlation in our case. It can be presented by the
equation (27 ± 3) × 10–5∆H – (0.025 ± 0.003) with R2 =
0.96 or ∆S = ∆H/(3700 ± 500) – 0.02. Data for bivalent
and trivalent impurities are unified within one depen-
dence because calculations demonstrated that differ-
ences are within the intervals of experimental uncer-
tainties. The straight line in Fig. 7b does not pass
through the origin, which is probably related to the con-
tribution of the enthalpy of the melting of the impurity
component. The compensation temperature (Tcomp) is
3700 ± 500 K, which is close to Tcomp ≅ 3000 K for oxide
solid solutions [3] and corresponds to the proposed esti-
mate of universal value for Tcomp = 3600 ± 1000 K [3].

Comparison of Figs. 3 and 5 shows that depen-
dences of –RTlnK on (∆r/d)2 and Eds on (∆r/d)2 are
expectedly related, i.e., K values decrease with increas-
ing Eds. Heterovalent impurities have low K and high
Eds values, even at small size difference with respect to
the substituted ion. Dependences of –RTlnK on (∆r/d)2

significantly deviate from the origin, which may be
caused to a large degree by energy consumption for the
formation of charge compensator. It was experimen-
tally established [54] that in the case of coupled isomor-
phism of Cr3+ and Li+, KCr increases by one and a half
times and KLi, by two times, which corresponds to a
decrease of calculated Eds by 140 kJ/mol for Cr3+ and
by 160 kJ/mol for Li+. This also indicates a strong cor-
relation between K and Eds.

The linear dependence of –RTlnK on Eds (Fig. 8)
can be expressed by the following equations:

Me2+: –RTlnK = 1(0.2)Eds + 30(8), R2 = 0.91; 

Me3+: –RTlnK = 1.5(0.4)Eds – 230(80), R2 = 0.82; 

Me4+: –RTlnK = 0.15(0.05)Eds + 50(14), R2 = 0.81. 

The slope of these dependences increases in the fol-
lowing sequence Me4+ < Me2+ < Me3+. The free term
characterizing the deviation of the linear correlation
from the origin does not exceed 50 kJ/mol for isovalent
substitutions, whereas this deviation is large
(>200 kJ/mol) to negative values for trivalent impuri-
ties. We can suggest that the calculated static energy of
impurity dissolution (Eds) is close to the enthalpy of
impurity dissolution at crystallization temperature [4].
In this case, the free term corresponds to the contribu-
tion of the entropy component to the free energy of
impurity dissolution. For heterovalent substitutions, the
contribution of the entropy component significantly
increases as compared to isovalent substitution, which
is probably related to the formation of a compensation
defect restoring the crystal electroneutrality.
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