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Crystal defects in calcite containing Na and K ions were investigated by means of a model based on statistical
thermodynamics and measurements of thermoelectric power. The varying amount of Na and K ions in the
crystal was interpreted on an assumption of ideal solution of the ions as Caj—x—yx+y[Nasx, K2y]JCOj3, where [J and
[ ] means Ca-vacancy and interstitial ion, respectively. In the model, the excess charge of Na and K ions is
balanced with Ca-vacancy to form interstitial-vacancy pairs ([Na, K];[]). Measurements of thermoelectric power
in calcite showed the cationic transport which resulted from Na and K interstitials and/or Ca-vacancies. From
the ideal mixing of Na and K ions at interstitial sites, the K/Na molar ratio in calcite was correlated with that in

aqueous solution at 20 °C and pH 8.5 by the formula,

Kg K
Ds _ 0.20 L
Nag 2 Na,,

where S and L refer to solid- and aqueous-phase, respectively.

The study of sodium and potassium partitioning
between carbonate minerals and aqueous solution has
suggested the incorporation of these monovalent ions
into the carbonate lattice rather than their presence
as solid non-carbonate impurities or liquid inclu-
sions.:2" In the partitioning of an ion with different
valence from that of host carbonate ion, electroneutral-
ity must be maintained in the crystal. The incorpora-
tion of such ions is usually accompanied with the for-
mation of crystal defects, such as vacancies, interstitial
ions, and substitutional ions.?’ The identification of
crystal defects associated with impurity ions is needed
to establish the partition theory of carbonate minerals.
Although defect in calcite has been considered in the
partitioning process of Na and K, the identification of
defects has not fully been performed.

Electrical properties, such as ionic conductivity, di-
electric loss and thermoelectric power, of calcium car-
bonate have been studied to characterize the crystal
defects in the crystals.#=® These transport properties
depend on the concentration and mobility of defects in
the crystal and give direct information concerning the
defect characteristics. However, it is difficult to assign
the type of defect to each impurity ion, because natural
and synthetic calcium carbonates contain different
amounts of impurity ions. The nature of defect
induced by impurity ions needs to be better under-
stood. For the study of electrical properties, it is neces-
sary to use samples having controlled impurity con-
tent. Further difficulty arises from the polycrystalline
nature of samples. It is pointed out that the measure-
ment of thermoelectric power of ionic crystals is not
affected by the state of aggregation of samples.” The
method, therefore, seems to be practical when we use
substances not in a single-crystal form.

Statistical thermodynamics has been applied to the
theoretical investigation of crystal defects in ionic crys-
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tals.8~1Y Assuming random distribution of defects in a
crystal, configurational entropy is calculated to derive
the equation which satisfies the condition of min-
imum free energy. The equation describes the equili-
brium concentration of defect with respect to impurity
concentration and temperature. This method requires
a defect model which makes us calculate the configura-
tional entropy and is useful for identifying the type
of crystal defects.

Ishikawa and Ichikuni? suggested the interstitial
incorporation of sodium and potassium in calcite, and
assumed that the position between the carbonate ion
and CaOg octahedron would be a possible interstitial
site. Formation of Ca-vacancy in calcite was also
assumed in order to explain compensation for the
excess charge due to sodium and potassium. The pur-
pose of this paper is to verify the above model based
on the statistical thermodynamic calculation of
sodium and potassium doping in calcite and the mea-
surement of thermoelectric power. The model gives
the formula expressing the relationship between K/Na
ratio in calcite and that in aqueous phase.

Experimental

Calcite was precipitated from Ca(OH), solution contain-
ing different amounts of NaCl and KCI by adding CO,-
saturated water. The solution was constantly stirred at 20 °C
in a closed reaction vessel until an equilibrium after about 40
h. Precipitated calcite was about 1 pm in size and rhom-
bohedral in shape. The uniform distribution of Na and K
in calcite crystals was confirmed by fractional leaching in
dilute HCI solution.? Synthetic calcite contained Cl of
about 0.001 mol kg™!. The content was 10? times lower than
Na and K contents. The effect of Cl on the Na and K uptake
by calcite was, therefore, disregarded in the discussion.

The measurement of thermoelectric power was made on
calcite samples containing 0.13 molkg™ of Na and 0.073
molkg™ of K. The thermoelectric cell used was made
of pyrophyllite preheated at 800°C for 3 h. The arrange-
ment of the cell was similar to that of Parravano.” Calcite
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Table 1. Data on Sodium and Potassium Uptake by Calcite at pH 8.5 and
20°C. For all Experiments, Ca2*=0.6 mM; HCO3;~=1.2mM
L L KL Nag Ks Ks
No. ANa ag
NaL mol/kg™! mol/kg™1 Nas
1 0.0016 0.058 40 0.00983 0.0235 2.39
2 0.0078 0.058 8.0 0.0186 0.0246 1.32
3 0.015 0.058 4.0 0.0276 0.0224 0.812
4 0.017 0.017 1.0 0.034 0.00824 0.242
5 0.023 0.058 2.7 0.0398 0.0221 0.555
6 0.030 0.058 2.0 0.0497 0.0211 0.425
7 0.037 0.058 1.6 0.0626 0.0208 0.332
8 0.038 0.038 1.0 0.0632 0.0151 0.239
9 0.059 0.058 1.0 0.0830 0.0157 0.189
10 0.072 0.069 1.0 0.0985 0.0184 0.187
11 0.086 0.058 0.67 0.0936 0.0142 0.152
12 0.11 0.058 0.50 0.100 0.0118 0.118
13 0.14 0.058 0.43 0.105 0.0095 0.0905

a) aka and ax represent activity values of Na and K in solution, and Nag and Kg are contents of Na and K in

precipitated CaCOs.

sample was pressed at about 0.5 GPa to form a pellet of 5 mm
in diameter and 7 mm thick, and was set between two plati-
num electrodes inside the cell. The electrodes were tightly
pressed against the sample by two pyrophyllite supports,
which contain chromel-alumel thermocouples and nich-
rome heaters near the sample. In order to reduce thermal
convection current, the cell was mounted horizontally in the
furnace. Supplementary heating was provided with nich-
rome heater to establish a temperature gradient between the
electrodes.

Results

Coprecipitation of Na and K with calcite was carried
out under controlled conditions where aqueous con-
centration of Ca?* and HCO;~ was fixed at 0.6 and 1.2
mM, respectively, at pH 85. Table 1 gives the
amounts of coprecipitated Na and K with respect to
various Na and K compositions of aqueous solutions.
To investigate the relationship between contents of
Na and K in calcite, the amount of coprecipitated K
was determined as a function of that of Na as shown
in Fig. 1, where aqueous K activity was fixed at a con-
stant value (ag=0.058). The result shows that K
incorporation into calcite decreases with increasing
Na content. The relationship between Na content and
K content in calcite will be quantitatively examined in
Discussion.

The thermoelectric voltage (AV) in samples was
reversibly changed with increasing and decreasing
temperature gradient (AT) between two electrodes.
Figure 2 shows the thermoelectric power (AV/AT) as
a function of temperature when AT was maintained
at 10—15°C. Bars in Fig. 2 show the range of the
thermoelectric power of increasing and decreasing
temperature. For all the samples the colder side of
the sample was found to be positive in the tempera-
ture range between 360 and 570 °C and thermoelectric
power showed a maximum and a minimum.
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Fig. 1. Sodium and potassium uptake by calcite at
pH 8.5 and 20°C. Aqueous activity of potassium is
fixed at 0.058 and that of sodium ranges from 0.0016
to 0.14.
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Fig. 2. Thermoelectric voltage per degree of calcite as
a function of temperature. —: Nag=0.13 mol kg1,

——-: Ks=0.073 mol kg~1.

Discussion

Interstitial-Vacancy Type Solid Solution. A mech-
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Fig. 3. Interstitial positions in the calcite lattice. The
symbol & represents equivalent interstitial sites
around a Ca ion. Another set of three sites, found at
inversion points with respect to the Ca ion, are
omitted for the sake of simplicity.

anism of Na and K uptake by calcite was suggested by
the present authors,? who assumed that Na and K are
incorporated into interstitial positions in the calcite
lattice. The total numbers of available interstitial sites
for Na and K were 0.15 and 0.12 mol kg~1, respectively,
and Ca-vacancy (net charge is —2) balances with the
positive charge of the ions. The interstitial sites in the
calcite crystal are indicated in Fig. 3. The calculated
size of the sites is about 0.89 A in radius (see Appen-
dix), and a site is surrounded by six O?" ions. Oxide
ions cause a negative atmosphere around the sites.
According to the mechanism, solid solution of
NayCOj3 and K;CO3 in CaCOj 1s formulated as,

(1—x—3)CaCO4(S) + xNa,CO4(L) + yK;CO4(L)

= Cal-x-yDz+y[Na21:.K2y]Cos (S)’ (1)

where 00 and [ ] means Ca-vacancy and interstitial
ion, respectively.

In order to deduce the equilibrium relationship
between x and y in reaction (1), we assume as follows:

(i) Formation of interstitial-vacancy pairs ([Na,
K],[J), to maintain electroneutrality in calcite.

(ii) Random distribution of the interstitial-
vacancy pairs in the crystal, where dimer or trimer
aggregations of the pairs are disregarded.

(iii) Ideal mixing of Na and K on the interstitial
sites.

Assumptions (i1) and (iii) are introduced to simplify
a calculation. As to assumption (ii), formation of
dimer and trimer complexes of impurities and vacan-
cies has been known in alkali halides at low tempera-
ture and high impurity contents.!?=14 Although this
phenomenon may occur in the present case, simplicity
of the model would be preferable, because any such
treatments to produce an aggregation of impurity-
vacancy complexes had not been done.

The dependence of K composition (y) on Na compo-
sition (x) in calcite at a constant temperature is deter-
mined by minimizing the free energy of Ca;—,—, O+,
[Naz, K2]JCOs. To calculate the Gibbs free energy,

Crystal Defects in Calcite

3811

G=U+pV—TS, of the solid solution, it is necessary to
know the entropy term. The entropy of crystalline
solids is the combination of the entropy due to thermal
vibration of lattice ions (S‘) and the configurational
entropy (S°) due to mixing of ions in the crystal.

The configurational entropy among degenerate con-
figurations is defined by the formula,

S¢=kInQ, (2)
where Q, multiplicity of thermodynamic probability
of the system, is the number of distinguishable con-
figurations that the system can adopt, and k is
Boltzmann’s constant. Using Eq. 2, the configura-
tional entropy of Caj—x—y Oy+y [Nagy, Ko,]JCO3 is calcu-
lated as,

Se = k In Ql—v pair

N,!
=Fkln o 2 p
o

T
()

T
("—No—xNo —yNo) L(eNo 4Ny

x
2

(2xNy4-2yN,)! TN +UN
"((%Nf)!(lev:n)l’“( " ’)] ®

where i and v denotes interstitial and vacancy, respec-
tively, and N, is Avogadro’s number and n" the total
number of available interstitial sites in calcite. In Fig.
3, there are six equivalent interstitial sites (only three
of such sites are shown) around a Ca ion just above
and below the same cationic layer of the lattice. Since
it results in three equivalent inversion-related [Na, K],
[ pairs with respect to one Ca-vacancy, the multiplic-
ity increases by a factor of 3 over each interstitial-
vacancy pair of a configuration. By use of Stirling’s
approximation, In N! =N In N—N, Eq. 3 is trans-
formed,

T T
S¢ =— EN, _r __”_)
k oln[(l 2)ln(l 7

+(%T—x—v)ln(£2z-—x—y)+ (x43) In (x+7)

+ 2xIn2x + 2yIn2y — (2x+2) In (2x+2)
— (*+y) In 3]. 4)

The difference in the free energy (AG) of reaction (1)
is then formulated as Eq. 5, using the molar free
energy of species i, gi—uit+pui—Tsi, where w; is the
molar internal energy, v; the molar volume, and s; the
molar vibrational entropy.

AG =[(1—x—))8c + (*+)20 + 2%8na
+ 278k + &ooy — TS°] — [(1—x— )&
+ (1—x—)8cos + *kazco; + Ittkyco5]
= %(2gxa+ 80+ Zcos — MKayc05)
+ (28 + 80+ 8coy — Hkz009) — TS, )
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where u" is the chemical potential of Na,CO; and
K,CO; in aqueous solution. Thus, the relationship
between x and y is obtained from Egs. 4 and 5, with
the condition that at the equilibrium dAG/dy=0 at
constant x and constant temperature,

(aAG

as°
7}’—)3.1‘ = (2gK+gD+g003_luI'ZzCOQ) - T(ay)x'r

= (2gx+ 80+ 8ooy — K ,c05)

- (x+)(2)*
+ kNoTln[S(%—x—y)(2x+2y) 2J= 0. (6)

Replacing x and y by Na composition Nas, and K
composition Ks, respectively, Eq. 6 is rewritten as,

Ks _ Nas+Ks
In Nag+Kg 0:31n nT—Nag—Kg
2gx + 80+ 8co; — H&zco. )
— 0.5 3 2v8 _In3). (7
( EN, T n3). ()

If aqueous activity of K,COj3 is fixed at a constant
value, then pk ., becomes constant and Eq. 7 shows a
linear relationship between Nas and Ks in calcite with
an inclination of —0.5.

To examine the validity of the interstitial-vacancy
model described above, In(Ks/[Nas+Ks]) is plotted
against 1n([Nas+Ks]/[n"—Nas—Ks]) in Fig. 4. Aston’,
different values of 0.15 and 0.12 molkg~™! were
obtained for Na and K, respectively. Since interstitial-
vacancy pairs should be defined with respect to the
sites available for both Na and K, 0.12 mol kg‘1 was
adopted as n". Other data used are given in Table 1.
The empirical equation was formulated by the least-

Ks
Nag + Kg

0.1

\ l 1 .
0.1 1.0 10
Nag +Kg
0.12- Nag -Kg
Fig. 4. Logarithmic relationship between sodium
and potassium contents of calcite at 20°C and a
constant activity of K2COs in aqueous solution.
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squares fit as,

Nag+Kg

Kg
0.12—Nag—Kg

—>8 __ —_0.51In

—094. (8
Nt K, ®)

The inclination of Eq. 8 (—0.51) is identical with the
theoretical value in Eq. 7 (—0.5), showing that the
interstitial-vacancy model gives an adequate explana-
tion for Na and K mixing in calcite.

Defects associated with Na and K in calcite were
investigated by measuring the thermoelectric power of
the doped calcite crystal. The sign of thermoelectric
power relates with the sign of dominant charge carri-
ers in the crystal. Since charge carriers move along the
temperature gradient toward the colder electrode, the
positive sign indicates that the charge carrier is a
cation. Asshown in Fig. 2, the sign of thermoelectric
power was positive in the temperature range of 360—
570°C, where defects induced by impurities domi-
nate in calcite.y This result indicates the presence
of charged defects which cause the transportation of
cations and are attributed to interstitial cations or
cation vacancies, that is, Na and K interstitials or Ca-
vacancies. It has been observed in the measurements
of ionic conductivity in alkali halides that the con-
centration of free interstitials or vacancies is increased
by the dissociation of impurity-vacancy pairs in the
similar temperature range.!® The maximum and the
minimum of thermoelectric power in Fig. 2 may cor-
respond to the change in transportation mechanism
induced by the dissociation of the interstitials-vacancy
pairs. These results support the interstitial incorpora-
tion of Na and K, when the electroneutrality is main-
tained by formation of Ca-vacancies in calcite.

K/Na in Calcite as a Function of Aqueous K/
Na. Natural calcites contain different amounts of
Na and K depending on the origin. Table 2 sum-
marizes the difference in K/Na molar ratio in various
natural calcites. Some studies have reported a cor-
relation of K/Na in calcites with chemical composi-
tion of natural waters from which precipitation took
place.!®:17 In spite of considerable scattering of K/Na
in natural calcites, however, the applicability of K/Na
value as a geochemical indicator has not been estab-
lished. Our study strongly suggests that K/Na in cal-
sites can be formulated as a function of K/Na in aque-
ous solutions based on the mechanism of ion incor-
poration into the crystal.

Equilibrium partitioning of the ions between calcite

Table 2. Potassium/Sodium Molar Ratio in Marine and Freshwater Calcite

Salinity KL Nas Ks/Nasg
Yoo NaL ppm ppm Obsd Calcd
Marine calcite
Shells®® 35 0.0218 18—280 2160—6580  0.0040—0.037  0.0044
Freshwater calcite
Travertines'’?V 0.8—4.7 0.013—0.044 16—282 220—1410  0.034—0.40 0.0026—0.0088
Limestones'® 0.23—0.25 0.017—0.063 3—33 19—47 0.099—0.50 0.0034—0.013
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and aqueous solution is represented by Egs. 9 and 10
for Na and K, respectively, where Na and K incorpora-
tion into the crystal is assumed to be independent of
aqueous Ca and pH.?

Na,
Ky, = ——3%— and 9)
N 7naNag[*]s
K
Ke= Ko (10)
X rxKul*ls

in which X is the equilibrium constant of Na and K
partitioning, 7 is the activity coefficient of aqueous
Na and K, and [*]s means the number of vacant inter-
stitial sites in calcite. On the assumption of ideal
mixing of Na and K, the activity coefficient of each
ion in the crystal is unity and Eq. 11 is obtained
from Egs. 9 and 10.

Ke _ KerxKuilvls . Kx | Kb

~ Ry L 11
Nag ~ KuurnNay#ly ~ Ky, < Na, (an

The proportional relationship of K/Na between
calcite and aqueous solution was confirmed by the
result in Fig. 5 by use of data in Table 1. The empiri-
cal equation was obtained as,

Ks _ K.
No = 020 - (12)
The K/Na ratios in marine shells, travertines, and
limestones are estimated by Eq. 12 and given in Table
2. Observed values of K/Na differ by 1—2 orders of
magnitude from those of marine shells to those of fresh
water limestones. Calculated K/Na ratio in marine
biogenic calcite (0.0044) is in the same range of
observed K/Na values (0.0040—0.037). The wide range
of observed values will be due to variations in physio-
logical conditions of marine invertebrates as explained
by the present authors.?? Travertines and freshwater
limestones, however, have higher K/Na ratios (0.034—
0.5) than the calculated values (0.0026—0.013). It is
known that K in limestones correlates with acid-
insoluble residues and is attributed to contamination
from clay minerals.’319 The discrepancy described
above may be due to the increase in K content by the
contamination.

Conclusions

The distribution of Na and K ions in calcite was
formulated on an assumption of ideal mixing of the
ions at interstitial sites which are associated with Ca-
vacancies. The presence of the pairs composed of Na
and K interstitials and Ca-vacancy was confirmed by
measuring the thermoelectric power of calcites con-
taining Na and K ions.

A model for Na and K uptake by calcite was pres-
ented to treat the partition mechanism of monovalent
ions and the mechanism of formation of interstitials
and vacancies. Although the theory of elemental parti-
tioning between carbonates and natural waters has
asserted the simple substitution of host ions by diva-
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K./Na,

Fig. 5. Potassium/sodium molar ratio in calcite as a
function of that in aqueous solution at 20°C.

lent impurities, most natural carbonates contain some
mono- and trivalent ions, such as F~ an PO,3~. The
partitioning of such ions has been qualitatively esti-
mated with respect to ionic charge and radius. It
should be noted that the role of crystal defects during
the diagenesis of carbonate minerals is poorly under-
stood. An extensive characterization of defects asso-
ciated with various impurity ions will be fruitful in
clarifying geochemical properties of sedimentary
minerals.

The authors wish to thank Dr. Takaaki. Kobayashi
for his critical comments on the study, and Dr. Kenichi
Kondo for his technical assistance in the measure-
ments of thermoelectric power.

Appendix

The calculated size of the coordination polyhedron of the
presumed interstitial sites.

The interstitial site is surrounded by six oxygens. In the
hexagonal system, the crystallographic coordinates of the
four neighboring carbons in calcite are given by C,; (0, 0,
174), C; (1, 1, 1/4), C3 (0, 1, 1/4), and C, (1/3, 2/3, 1/12).
Then those of the six oxygens will be O, (d, d, 1/4), O, (1—d,
1, 174), O3 (0, 1—d, 1/4), O4 (1/3—d, 2/3—d, 1/12), Oy (1/3,
2/3+d, 1/12), and O4 (1/3+d, 2/3, 1/12), where d corres-
ponds to the C-O distance in CO4%~ divided by the lattice
parameter a, and Oy, Oy, and Oy belong to the same CO32".
The d value is calculated as 0.2568 based on the crystallogra-
phic data by Effenberger et al.22

The co-ordinates of the interstitial site are given by i (1/
3, 2/3, 0.1863), which is equidistant from the six oxygens.
The distance 7 between two points (x;, y;, z;) and (xg, V3, zp)
can be calculated by,

2 = a¥[(x;—x5)2 + ()1 —2)*
= (x1=x) (1= 22)] + (21— 2)%
where a and ¢ are the lattice parameters for calcite. The
distance between i and any O is then 2.1744 A. Assuming

that the O radius is equal to the C-O distance in CO3%~, we
get 0.8929 A as the radius of the interstitial site.
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