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ABSTRACT

Leonhardite, a partially dehydrated laumontite, and its alkali variety, primary leonhar-
dite, have been studied by high-temperature calorimetry. The enthalpies offormation from
oxides and elements at 298 K are - 306.7 :t 7.1 and -14214.6 :t 11.2 kllmol, respec-
tively, forleonhardite, Ca2Al,Sig02,. 7H20, and - 521.2 :t 10.5 and -14253.7 :t 13.5 kll
mol, respectively, for primary leonhardite of composition Ca1.3NaO.6KogAl,Sig02,' 7H20.
The values for primary leonhardite are significantly more negative. New calorimetric data
for sodium and potassium oxides were obtained on the basis of thermochemical cycles
involving carbonates. The enthalpies of drop solution are -113.10 :t 0.83 kllmol for
Na20 and -193.68 :t 1.10 kllmol for K20, giving enthalpies of solution of -170.78 :t
0.90 kllmol for Na20 and -260.98 :t 1.20 kllmol for K20. The effects of exchange cations
(K,Na) on energetics and dehydration were studied using cation-exchanged samples. Alkali
substitution decreases thermal stability (decomposition on heating in air) but increases
thermodynamic stability with respect to the oxides and elements. Equilibrium relations
between leonhardite and alkali-feldspar, calculated on the basis of these data, show that
primary leonhardite can form only from geothermal solutions having rather high ratios of
alkali ions to Ca.

INTRODUCTION changed forms and extends our earlier work on the Ca
end-members (Kiseleva et al. 1996).

Laumontite and its partially dehydrated variety, leon-
hardite, form in a wide range of conditions, from near- ZEOLITE CHARACTERIZATION

surface and diagenetic to metamorphic and hydrothermal Primary leonhardite was collected by I. Belitsky in a
environments. Fersman (1909) found two varieties of quarry dissecting a diorite-porphiry stock in the same
leonhardite. The first, Ca2Al,Sig02,. 7H20, forms revers- locality (Ukrainka Village, Crimea, Ukraine) where pri-
ibly by dehydration oflaumontite near room temperature mary leonhardite was first described by Fersman (1909).
in air. The second differs in having high alkali content, The sample consisted of pink to deep pink radiating ag-
Ca2_xCK,Na)2xAl,Sig02,.7H20. The sample described by gregates and crusts of primary leonhardite filling the cracks
Fersman (1909), with (Na + K)/Ca higher than 1, does and cavities in the upper part of the diorite porphyry
not hydrate to form the corresponding laumontite and is stock. Its composition, based on the wet-chemical anal-
called "primary leonhardite" to differentiate it from al- ysis of Fersman (1909), is shown in Table 1. The com-
kali-poor leonhardite formed from laumontite as a sec- positions of zeolites used in this study are illustrated in
ondary mineral. Fersman (1909) and Belitsky and Bukin Figure 1.
(1966) showed that primary leonhardite differs from the The optical properties ofleonhardite (Table 2) are sim-
Ca variety in chemical, mechanical, optical, and other ilar to those described by Coombs (1952). Primary leon-
physico-chemical properties. Fedorov and Belitsky (1975) hardite is optically biaxial negative, the refractive indices
showed that the structure of leonhardite accepts up to lower than those of leonhardite, and the extinction angle
20% K substitution, but at higher K content it breaks anomalously low. Lattice parameters were measured us-
down to two-phase mixtures with KI(K + Ca) of about ing a DRON-3 powder diffractometer, CuKa radiation, a
0.2 and 0.6. graphite monochromator, and corundum as an internal

Knowledge of the effects of exchangeable cation sub- standard. Data for leonhardite (see Table 3) agree well
stitution, of varying Si!Al ratio, and of H20 content on with previous studies (Pipping 1966; Yamazaki et al.
the thermodynamic properties is essential for modeling 1991), but the lattice parameters of the alkali variety,
geochemical processes and for understanding adsorption, measured for the first time, are smaller than those of cal-
ion-exchange, and other properties. The present study cium leonhardite.
concentrates on the determination of the thermochemical The effect of heat treatment (60 min at temperature
properties of primary leonhardite and its cation-ex- followed by rapid cooling) on the refractive index ofleon-
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TABLE 1. Chemical analyses and formulas of leonhardite

Primary"
Leonhardite' leonhardite

(Siberia, (Crimea, K-Let K-Let K-Let K-Le
Russia) Ukraine) Ca-Let Na-Let no. 9 no. 11 no. 12 no. 28

Chemical analysis (wt%)
SiO, 51.72 50.94 51.20 52.68 51.29 52.12 52.97 54.19
TiO, 0.01 0.01 0.01 0.01 0.01 0.01 0.03
AI,03 21.93 22.30 21.99 22.45 22.04 22.42 22.62 22.78
Fe,03 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.09 0.09 0.09 0.10 0.09 0.11 0.10
MgO 0.04 0.10 0.04 0.00 0.00 0.00 0.10
CaO 12.14 7.65 12.12 2.43 8.76 6.69 7.12 7.88
Na,O 0.05 2.06 0.00 10.31 0.99 0.69 0.15 0.00
K,O 0.13 4.01 0.06 0.58 9.59 9.60 11.21 9.01
P,O, 0.11 0.10 0.06 0.16 0.13 0.17 0.12
H,O 13.67 13.42 14.06 10.98 6.63 8.01 5.27 6.08

Total 99.89 100.50 99.73 99.63 99.57 99.76 99.63 100.29

Structural formula on the basis of 48 0 atoms
Si 15.96(16)* 15.87 15.90 15.99(16) 15.57 15.84 15.80 15.96
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AI 7.98(8) 8.19 8.05 8.03(8) 7.89 8.03 7.95 7.91
Mn 0.02 0.02 0.02 0.03 0.02 0.03 0.00
Mg 0.02 0.05 0.02 0.00 0.00 0.00 0.02
Ca 4.02(4) 2.55 4.03 0.79 2.25 2.18 2.28 2.49
Na 0.03 1.24 0.00 6.07 0.58 0.41 0.09 0.00
K 0.05 1.59 0.02 0.23 3.71 3.72 4.27 3.39
P 0.03 0.03 0.02 0.06 0.03 0.04 0.00
H,O 14.07(14) 13.93 14.56 11.11 6.71 8.12 5.24 5.97

,
Sample in calorimetric study of Kiseleva et al. (1996).

" Natural sample in this work.
t lon-exchanged samples.

*
Values in parentheses represent ideal molar ratios.

hardite was investigated from room temperature to 1273
K. The refractive index showed a decrease at 523-543 K
for leonhardite and 443 K for primary leonhardite fol-
lowed by a continuous increase. These changes corre-
spond to stages oflattice contraction during dehydration.

High-temperature thermal behavior was studied using
a Mettler TA 3000 thermo analyzer. In contrast to leon-
hardite, primary leonhardite shows broadened dehydra-
tion steps, though the total number of peaks on the ther-
mogravimetry curve is the same, four, at 393, 483, 523
K, and a high temperature shoulder at 593 K. Generally,
primary leonhardite loses water at temperatures about
200 K lower than leonhardite. This is also confirmed by
dilatation studies using a Mettler TMA-40 dilatometer.
Rehydration also differs. The main structural changes
preventing rehydration occur above 653 K in leonhar-
dite, whereas in primary leonhardite rehydration be-
comes impossible above 543 K.

CALORIMETRY

The enthalpies of formation and dehydration of zeo-
lites were determined using a Tian-Calvet high-temper-
ature heat-flux microcalorimeter described in detail by
Navrotsky (1977). Drop-solution calorimetry into mol-
ten 2PbO. B203 at 975 K was chosen to avoid decom-
position of unstable zeolite samples at the calorimeter
temperature prior to calorimetry. Heats of dehydration
and heat contents were obtained using the transposed

Ca

Na K

FIGURE 1. The compositions (cation ratios) of natural leon-
hardite (solid circles) and cation-exchanged forms (triangles, cross)
(from Fedorov and Belitsky 1975): cross = one-phase sample
with calcium leonhardite structure, open triangles = two-phase
samples, solid triangle = one-phase sample with structure dif-
ferent from calcium leonhardite, and the hatched region is the
assumed two-phase region.



Leonhardite Primary
(Siberia, Russia) Leonhardite leonhardite
(sample used by (Transylvania) (Crimea, Ukraine)

Kiseleva et al. 1996) (Coombs 1952) (this work)

a 1.506(2) 1.507(2) 1.502(2)
(3 1.516(2) 1.516(2) 1.511(2)

/'
1.518(2) 1.518(2) 1.513(2)

(-)2V(0) 38(4) 38(5) 32(4)

/' II C (0) 32(3) 35(2) 11(4)

Leonhardite
14.747(5)" 13.067(3) 7.532(4) 111.9(3) 1346(1) 1
14.770 13.056 7.595 112.8 2
14.77(2) 13.09(2) 7.58(2) 112.0(1) 3

Primary leonhardite
14.545(8) 13.223(5) 7.522(5) 110.77(6) 1352(2) 4
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TABLE2. Optical data for leonhardite and primary leonhardite

temperature-drop technique. The methods used were es-
sentially the same as those for the calcium zeolites (Kis-
eleva et al. 1996). Calibration, as in that study, used pel-
lets of a-Alz03 of weight comparable to that of the zeolite
samples. All experiments were performed under a flowing
atmosphere of dry air at rates of 30-40 cm3/min (Na-
vrotsky et al. 1994).

For calculations of the enthalpy of formation of potas-
sium sodium calcium zeolites we need the heat of drop
solution (or solution) of all constituent oxides under the
same calorimetric conditions. Potassium, sodium, and
calcium carbonates, rather than oxides, were used as ref-
erence materials. KZC03 (99.99%) and NazC03 (99.995%)
were commercial products (Aldrich) dried at 413 and 473
K, respectively, prior to calorimetry. Because NazC03 and
especially KZC03 are hygroscopic we minimized the time
the samples were exposed to air. We checked the for-
mation of hydration products using room- and high-tem-
perature X-ray diffraction. The carbonates were dried at
413 K for a few hours and then were immediately trans-
ferred to a vacuum desiccator. Each sample was ground
under acetone and immediately X-rayed. The total time
of preparation and air exposure was about 38 min for
KZC03 and 45 min for NazC03. The KZC03 sample was
a two-phase mixture of potassium carbonate (-60%) and
potassium carbonate hydrate (-40%). NazC03 was also
a mixture of carbonate and hydrate, although the hydrate
component was < 10%. Thus, these materials cannot re-
main unaltered in air for half an hour, or possibly the
acetone used for grinding was not anhydrous.

The XRD at high temperature showed that the hydrate
phase disappeared upon heating at 413-473 K, and the
remaining material was pure carbonate. Thus, before cal-
orimetry, the KZC03 and NazC03 pellets were pressed
and kept at 413 K for 30 h in air and then at 473 Kin
vacuum for 50 h. Then the pellets were rapidly trans-
ferred to the balance and into the calorimeter. The time
the samples were exposed to air during weighing and
dropping was <2 min. Constant weight during this
weighing procedure suggested that the hydrate did not
form in this time period.

Chai and Navrotsky (1993) and Navrotsky et al. (1994)
showed that CaC03 can be used reliably for drop-solution
calorimetry under a flowing-gas atmosphere at 975 K.
The calcite (Aldrich, 99.995%) and quartz (Fluka,
>99.9%) used in this study were commercial products
and were dried at 383 K prior to calorimetry.

TABLE3. Lattice parameters of zeolites

a (A) b(A) c(A) (3 (0) V (A3) Ref.

Note: Parameters are for unit cells containing 48 a atoms in the frame-
work. References are as follows: 1 = Kiseleva et al. (1996), 2 = Pipping
(1966),3= Yamazaki et al. (1991), and 4 = this work.

*
The number in parentheses is the confidence interval (for 95% prob-

ability).

RESULTS AND DISCUSSION

Calorimetric data are given in Table 4. Six to 12 en-
thalpy measurements were made for each substance. The
calibration factor did not depend on the mass of the alu-
mina dropped, which ranged from 10 to 25 mg, and nei-
ther the heat of drop solution nor the heat of transposed
temperature drop varied with sample mass. The heats of
drop solution did not depend on the amount of sample
previously dissolved (up to about 150 mg in 30 g lead
borate), and the calorimetric curves returned to the orig-
inal baseline in almost all cases. The statistical errors re-
ported (two standard deviations of the mean) are on the
order of :t 1% or better, indicating problem-free dissolu-
tion.

The enthalpy values for CaC03, a-Alz03' and a-SiOz
were discussed in our recent paper on calcium zeolites
(Kiseleva et al. 1996). We performed two series of ex-
periments for KZC03 and NazC03 with pellets heated at
different temperatures (see Table 4). They show no sys-
tematic differences, with uncertainties of :to.5% or bet-
ter. These observations suggest no problems arising from
slight hydration, which might show up as scatter in the
data.

The heats of drop solution were calculated using ther-
modynamic cycle A in Table 5 to be -113.1 :t 0.8 kll
mol for NazO and -193.7 :t 1.1 kllmol for KzO (Table
6). There are no previous data for the enthalpy of drop
solution of NazO and KzO, but the enthalpies of solution
of NazO calculated by Zygan et al. (1978) are -172.2 :t
4.3 kllmol using a carbonate cycle and -170.8 :t 4.9 kll
mol using NaAlOz. To compare our results with these
previous data we calculated the heat of solution of NazO
and KzO from the enthalpy of drop solution using heat
contents ofNazO and KzO at 975 K (JANAF 1986). Our
value of the heat of solution of NazO is -170.8 :t 0.8
kllmol (Table 6), which is in good agreement with the
previous data but has significantly less error. Our calcu-
lated heat of solution of KzO is - 261.0 :t 1.2 kllmol,
significantly less negative than that obtained previously
by Zygan et al. (1978) (-266.2 :t 3.1 kllmol) using the
carbonate cycle. It is very difficult to analyze this dis-
crepancy because these authors gave no details concern-
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TABLE4. Calorimetric data for naturalleonhardite and constituent substances

Mineral and formula

Leonhardite** (Ca,AI4Si,024' 7H,O)
Dehydrated leonhardite** (Ca,AI4Si,O'4)
Primary leonhardite (Ca,.,Nao.,Ko.,AI4Si,O'4' 7H,O)
Dehydrated primary leonhardite (Ca"Nao,Ko,AI4Si.O'4)
Quartz (SiO,)
Corundum (AI,O,)
Potassium carbonate (K,CO,)
Sodium carbonate (Na,CO,)
Calcite (CaCO,)

Observed enthalpy (kJ/mol)*

Drop DropsolF.W.

922.87
796.77
939.89
813.78

60.08
101.96
38.21

105.99
100.09

1338.7 :t 12.1(6)
575.5 :t 5.6(7)

1355.5 :t 9.3(6)
671.3 :t 9.3(6)

1283.5 :t 5.9(9)
51504 :t 3.9(6)

1398.8 :t 9.8(9)

39.1 :t 0.3(9)
107.9:t 1.0(8)
234.4 :t 1.1(18)t
241.2 :t 0.8(10):1:
193.4 :t 0.7(10)

Note: F.W. = gram formula weight. Drop = transposed temperature-drop calorimetry, no solvent present. Dropsol = drop solution into 2PbO.B,O,

solvent.

*
Uncertainty is two standard deviations of the mean; number in parentheses is number of experiments.

** Kiseleva et al. (1996).
t Average including experiments on samples heated for 30 h at 413 K in air, which gave 234.5 :t 1.3(11), and samples heated for 50 h at 473 K in

vacuum, which gave 234.2 :t 2.1(7).
:I: Including samples heated at 413 and 473 K.

ing experimental procedure and sample preparation. We
suspect, on the basis of observations, that there may have
been problems of hydrate formation in the K2C03 ofZyg-
an et a!. (1978).

The enthalpies of drop solution ofNa20 and K20 may
also be calculated using the recently measured heats of
solution of anal bite and sanidine (Hovis and Navrotsky
1995), their enthalpies of formation and heat contents
(Robie and Hemingway 1995), and the enthalpies of drop
solution of Si02 and AI203 obtained in this study. The
results (see Table 6) are in good agreement with those
obtained using the carbonate cycle.

ENTHALPIES OF DEHYDRATION OF
LEONHARDITE AND PRIMARY

LEONHARDITE

The enthalpy of dehydration was calculated for both
the pure Ca end-member (see our companion work, Kis-
eleva et a!. 1996) and the primary leonhardite (see ther-
modynamic cycle B in Table 5). The loss of one mole of
H20 in calcium leonhardite is associated with an endo-
thermic effect of about 40 kl, but removing one mole of
H20 from primary leonhardite requires only 30 kllmo!.
The latter value is similar to data for the sodium zeolite,
analcime, measured by Barany (1961) by acid calorime-
try. Thus, the energy of hydration of divalent cations
(Ca2+) is significantly more exothermic than that of
monovalent cations (K+ and Na+).

ENTHALPIES OF FORMATION OF
LEONHARDITE AND PRIMARY

LEONHARDITE

The enthalpy of formation of leonhardite (Kiseleva et
a!. 1996) is -306.7 ::t7.1 kllmol from the oxides, which
corresponds to -14214.6 ::t 11.2 kllmol from the ele-
ments. The enthalpy off ormation of primary leonhardite
from the oxides at 298 K, calculated from the en thaI pies
of drop solution (Table 4 and thermodynamic cycle C in
Table 5), is - 521.2 ::t 10.5 kllmo!. This value is signif-

TABLE 5. Thermodynamic cycles used in calculations

A. Enthalpy of drop solution of alkali oxides (M = Na,K)

M,CO, (xl, 298 K) = M,O (sol, 975 K) + CO, (g, 975 K) (1)*
M,O (xl, 298 K) + CO, (g, 298 K) = M,CO, (xl, 298 K) (2)**
CO, (g, 975 K) = CO, (g, 298 K) (3)t
M,O (xl, 298 K) ~ M,O (sol, 975 K) (4)

ilH4 ~ ilH, + ilH, + ilH,

B. Enthalpy of dehydration (where Le = Ca,AI,Si,O,.' 7H,O for
Ca-Ieonhardite and Ca,.,Nao.aK..,AI,Si.O,.' 7H,O

for primary leonhardite)
Le (xl, 298 K) = dehydrated-Le (xl, 975 K)
Dehydrated-Le (xl, 975 K) = dehydrated-Le (xl, 298 K) +

7H,O (g, 975 K)
7H,O (g, 975 K) = 7H,O (xl, 298 K)
Le (xl, 298 K) = dehydrated-Le (xl, 298 K) + 7H,O (xl, 298 K)

ilH, ~ ilH, + ilH, + ilH,

C. Enthalpy of formation of primary leonhardite
1.3CaCO, (xl, 298 K) = 1.3CaO (sol, 975 K) + 1.3CO, (g,

975 K)
1.3CaO (xl, 298 K) + 1.3CO, (g, 298 K) ~ 1.3CaCO, (xl,

298 K)
0.3Na,CO, (xl, 298 K) = 0.3Na,O (sol, 975 K) + 0.3CO, (g,

975 K)
0.3Na,O (xl, 298 K) + 0.3CO, (g, 298 K) = 0.3Na,CO, (xl,

298 K)
0.4K,C03 (xl, 298 K) = Oo4K,O(sol, 975 K) + Oo4CO,(g,

975 K)
Oo4K,O(xl, 298 K) + Oo4CO,(g, 298 K) ~ 004K,C03 (xl,

298 K)
2CO, (g, 975 K) = 2CO, (g, 298 K)
2AI,03 (xl, 298 K) = 2AI,03 (sol, 975 K)
8SiO, (xl, 298 K) = 8SiO, (sol, 975 K)
7H,O (xl, 298 K) = 7H,O (g, 975 K)
1.3CaO (sol, 975 K) + 0.3Na,O (sol, 975 K) + Oo4K,O(sol,

975 K) + 2AI,03 (sol, 975 K) + 8SiO, (sol, 975 K) + 7H,O
(g, 975 K) ~ Ca1.3Nao,Ko.,AI,Si.024' 7H,O (xl, 298 K)

1.3CaO + 0.3Na,O + 0.4K,O + 2AI,03 + 8SiO, + 7H,O
=

Ca,.,Nao.,Ko.,AI4Si,024' 7H,O

ilH,o = 2: ilH,_"

(5)*

(6)*
(7)t
(8)

(9)*

(10)**

(11)*

(12)**

(13)*

(14)**
(15)t
(16)*
(17)*
(18)t

(19)*

(20)

*
Measured, this work.

** Enthalpy of formation of carbonate from oxides at 298 K (JANAF
1986) for Na,CO,; Kubaschewski (1991) for K,C03: Robie et al. (1978) for
CaCO,.

t Heat content (Robie et al. 1978).



.6.Hf,ox.298.15 8....15 tJ.6,,29..15

Mineral .6.Hr;JehYdr,298,15 (kJ/mol) IlHf,81,298.15 [J/(mol'K)] (kJ/mol)

Leonhardite 280.4 :!: 13.3 -306.7 :!: 7.1 -14214.6 :!: 11,2 922.2" -13165.3
Primary leonhardite 201,3 :!: 13,1 -521.2 :!: 10,5 -14253,7:!: 13.5 956" -13198.0t

979t -13205.9t
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TABLE6. Enthalpies of solution and drop solution of
potassium and sodium oxides at 975 K in
2PbO.B203 melt

Method
tJ.H",,975
(kJ/mol)

tJ.Hd~1975
(kJ/mol)

Na,C03
Drop solution
Na,C03
Solution
NaAIO,
Solution
Analbite
Solution

Na.O
-170.78:!: 0.90
(this study)
-172.21 :!: 4.31
(Zygan et al. 1978)
-170.79:!: 4.89
(Zygan et al. 1978)

-113.10:!: 0.83
(this study)

-116.7:!: 4.0
(this study)

K,C03
Drop solution
K,C03
Solution
Sanidine
Solution

K.O

-260.98 :!: 1.20
(this study)
-266.23 :!: 3.14
(Zygan et al. 1978)

-193.68:!: 1.10
(this study)

-196.0 :!: 4.0
(this study)

icantly more negative than the enthalpy of formation of
calcium ]eonhardite, as expected from the greater basicity
of K20 than of CaO. The enthalpy of formation of pri-
mary ]eonhardite from the elements is -14253.7 ::!: 13.5
kJ/mol. Throughout this paper, we use the formula
Ca2_xCK,Na)2xAI4Sig024' nH20 (n = 7 for natura] sam-
ples) to report thermochemical data. In our companion
paper (Kise]eva et al. 1996), we used a formula half as
large (CaA]2Si4012' 3.5H20) to make it easier to compare
directly the energetics of different calcium zeolites (lau-
montite, leonhardite, wairakite, ugawaralite) on the basis
of one mole of Ca. For leonhardite itself, the 2Ca, 7H20
formula is a convenient and usual choice.

CALCULATION OF THE ENTROPY AND THE
FREE ENERGY OF LEONHARDITE AND

SOME GEOLOGIC APPLICATIONS

Low-temperature heat capacity and entropy at 298 K
have been measured only for leonhardite (King and We]-
]er 1961). From these data we can approximate the en-
tropy of primary ]eonhardite using the entropies of sub-
stitutiona] oxides (2CaO = 1.3CaO + 0.3Na20 + OAK20)
taken from Robie et al. (1978) to be 956' J/(mo]'K)
(Tab]e 6).

The calculated standard Gibbs free energies of forma-
tion from the elements for leonhardite and primary leon-

hardite are shown in Tab]e 7. The substitution Ca =
2(Na,K) results in a more negative enthalpy and free en-
ergy of formation from oxides and elements.

The free-energy change for hydration of ]eonhardite is
near zero (fiG~98= - 26 ::!: 20 kJImol, Kise]eva et al.
1996). Belitsky and Bukin (1966) showed that keeping
primary ]eonhardite in water for 15 d did not result in
any further hydration, suggesting a positive standard free-
energy change for hydration. Because the other H20 mo]-
ecules in primary ]eonhardite appear less tightly bound,
it seems likely that the enthalpy of hydration for the ad-
ditiona] H20 would also be less exothermic.

Using the new thermodynamic data, we estimate con-
ditions of ]eonhardite and primary ]eonhardite forma-
tion. We consider equilibrium in hydrothermal solutions
of zeolites with alkali feldspars and quartz, which are
always abundant in the wall rocks. The feldspars that
coexist with both zeolites are represented by low albite
and microc1ine because the temperature is well below the
alkali feldspar solvus. The following reactions are consid-
ered:

Ca2A]4Sig024.7H20 + 4Si02 + 2Na + + 2K +
= 2NaAlSi30g + 2KA]Si30g + 7H20 + 2Ca2+ (I)

and

CauNao.6KogAI4Sig024'7H20 + 1.3Na+ + I.3K+
+ 4Si02 = 1.9NaA]Si30g
+ 2.1 KA]Si30g + 1.3Ca2+ + 7H20. (2)

Solutions acting in geothermal areas are dilute enough
for water activity in the reaction to be equal to one, as
are activities of solid decomposition products. The equi-
librium constants may be calculated along the water-va-
por saturation curve to 473 K using the following rela-
tionship:

.

- RT In K(T) = fiGr,S(1)+ fiGr,i(1) + fiGr,H20(1)' (3)

R is the gas constant, T is temperature in kelvins, fiGr.S(1)
is the Gibbs free energy of formation from the elements
of the solid phases for reactions at T and I atm, fiGr,i(1)is
the Gibbs free energy of formation of ions for the reac-
tion, and fiGr,H20(1)is the Gibbs free energy of formation
of liquid water at T and saturated vapor pressure. Ther-
modynamic data for ions and water were taken from
Naumov et al. (1971), and for the solid phases from Ro-
bie et al. (1978). For microc1ine the revised data of Ber-

TABLE 7. Recommended values of thermodynamic properties of natural zeolites

"
King and Weller (1961).

""
Without configurational entropy. see text.

t With configurational entropy. see text.
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TABLE 8. Preparation conditions of cation-exchanged forms

Expt. Autoclave
conditions conditions

Sample Salt T(K) t(d) T(K) t(d)

Ca leonhardite Ca(N03), 453 1 403 1
Na leonhardite NaCNS 603 1 413 1
K leonhardite (no. 12) KN03 613 6 413 1
K leonhardite (no. 28) KCNS 510 10 420 1
K leonhardite (no. 11) KCNS 450 6 420 2
K leonhardite (no. 9) KCNS 500 6 570 1

KISELEV A ET AL.: THERMOCHEMISTRY OF LEONHARDITE

600

500
I
I

I

Ie..I
I \

Feldspars
and

quartz

g
.....
=.....
..
C\.

~ 400
...

Leonhardite or
Laumontite

Log a ea2+ I [( a N.+ ) (a K+ )1

FIGURE2. Equilibrium curves of zeolites in equilibrium with
alkali feldspars and quartz at saturated water-vapor pressure.
Curve I represents primary leonhardite, configurational entropy
neglected; curve 2 represents primary leonhardite, configuration-
al entropy included; curve 3 represents laumontite. The region
to the left of each curve is the phase field of albite, orthoclase,
and quartz, that to the right represents the stability field of the
zeolites (with excess quartz). The shaded ovals are compositions
of natural thermal waters from areas where calcium zeolites are
formed in rocks: Pauzhetka (P) in Kamchatka, Russia, and Wair-
akei (W) and Broadlands (B) in New Zealand (Senderov 1980).
The phase field shown for leonhardite or laumontite includes
some fully hydrated laumontite at low T and low alkali content.

man (\ 988) were used, and the Gibbs free energy of for-
mation ofleonhardite and primary leonhardite were taken
from this study. No experimental heat-capacity data are
available for leonhardite and primary leonhardite. We
assumed that t::..Cpof the solid phases is zero, which is
reasonable for the P- T range considered. With these sim-
plifications, the equilibrium constant is the ratio of the
activity of the Ca ion to the activity of the alkali ions.

The calculated stability fields for leonhardite and pri-
mary leonhardite are shown in Figure 2. Two curves are
shown for primary leonhardite. Curve 1 does not include
any configurational entropy resulting from the mixing of
Ca, Na, and K. Curve 2 assumes ideal mixing ofCa Na
and K, which gives, for primary leonhardite of the ~om~
position studied, CaI.3Nao.6Ko.gAI4Sig024'7H20,

Seonr= - 2. 7R(0.482 In 0.482 + 0.222 In 0.222
+ 0.296 In 0.296) = 23.48 J/(mol. K). (5)

Nonrandom distribution of cations over several inequi-
valent sites in the channels would lower the configura-
tional entropy, but considering partial site occupancy and
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(4)

the mixing of cations and vacancies would raise it. Thus,
the configurational entropy cannot be defined uniquely at
present, but the above calculation probably gives the right
order of magnitude. The effect of including the configu-
rational entropy is to increase the stability of primary
leonhardite by about an order of magnitude of activity
ratio.

Figure 2 indicates that calcium leonhardite would form
from alkali feldspars at 373-473 K at activity ratios of
about 10-1. Formation of primary leonhardite from al-
kali feldspars may be possible from more alkaline hydro-
thermal solutions with activity ratios of about 10-4. The
equilibrium relations between the calcium and alkali
leonhardite and feldspars depend rather weakly on tem-
perature.

Senderov (\ 980) reported chemical analyses of geo-
thermal waters from which wairakite and laumontite form
at Pauzhetka in Kamchatka, Russia, and at Wairekei and
Broadlands, New Zealand. The calculated activity ratios
are shown in Figure 2; they fall within the calculated sta-
bility field of laumontite.

Figure 2 shows that the calculated stability field of (al-
kali-free) laumontite overlaps the field of natural geo-
thermal fluid compositions, but the calculated equilibri-
um curves of primary leonhardite lie rather far from Ca
to alkali ratios in natural waters. This explains why pri-
mary leonhardite has rather limited occurrence (Sende-
rov 1988). However, in natural assemblages there are
many intermediate members of the Ca-Na-K series of
leonhardite (Coombs 1952), which could form in a sig-
nificantJy wider range of conditions.

THERMODYNAMIC PROPERTIES OF
CATION-EXCHANGED LEONHARDITE

A sample ofnaturalleonhardite (River Nidym, Siberia,
Russia) has been used for the exchange Ca2+ = 2M + (where
M = Li, Na, K, Cs, Tl, Ag) under equilibrium conditions

TABLE 9. Calorimetric data for cation-exchanged forms of
leonhardite

Cation-exchanged
material

Formula
weight

liHdSOI
(kJ/mol)

1312.8 :t 6.8(7)
1194.8 :t 7.8(6)
1021.2 :t 6.7(9)
1034.0 :t 7.2(5)
1121.6 :t 3.2(6)
1216.9 :t 5.3(6)

Ca leonhardite
Na leonhardite
K-Ca leonhardite (no. 12)
K-Ca leonhardite (no. 28)
K-Ca leonhardite (no. 9)
K-Ca leonhardite (no. 11)

928.2
906.40
869.13
885.02
906.7
909.6
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TABLE 10. The en thai pies of formation from oxides of cation-

exchanged forms at 298 K

Cation-
exchanged

form

Ca2.x!K,Na)2,AI,Si,02' .

H20

Ca Na K

200
200
0.4 3.0 0.1
1.1 0.1 2.1

tJ.Hf~
(kJ/mol)

-315.3 :!: 7.8'
-306.6 :!: 7.0'
-465.9 :!: 8.5"
-545.1 :!: 9.4"

H20
(mol)

7.3
7.0
5.6
2.6

Ca leonhardite

Na leonhardite
K leonhardite

, ,
Kiseleva et al. (1996).

.. This work.

at various temperatures (Belit sky and Fedorov 1978). The
authors of that study showed that the extent of exchange
in molten salts depends upon the exchange ion and the
treatment temperature. The degree of exchange decreased
as the ionic radius of the substituting alkali ion increased.
The maximum degree of substitution for Ca2+ reaches
60% at 413 K; over the range 413- 513 K the degree of
exchange does not change (Belitsky and Fedorov 1978).
The dynamic exchange capacity oflaumont.ite and ofNa-,
K-, NH4-, Mg-, and Ba-exchanged forms obtained in
aqueous salt solutions was studied by Tsitsishvili et al.
(1992). They showed that the Na form oflaumontite can
be used as an effective adsorbent for transition metal ions.

In this study K-, Na-, and Ca-exchanged forms ofleon-
hardite were prepared from the naturalleonhardite de-
scribed above by ion exchange in nitrate melts (see Table
8). Experimental products were washed in hot water and
then annealed in an autoclave with distilled water to re-
move any excess salts and to rehydrate the zeolites.
Chemical compositions of these samples are shown in
Table 1. The cation substitution for K-Ca samples gen-
erallycorrespondsto the CaH = 2K+ reaction.H20 con-
tent clearly depends on the cation content. The K-rich
leonhardite samples have a high K content with 2K/(2K
+ Ca) = 0.41-0.48. Fedorov and Belitsky (1975) showed
that samples with > 20% of the Ca substituted by K are
two-phase mixtures. The X-ray diffraction patterns of
samples 9, 11, and 28 in this study confirm this obser-
vation, but sample 12, which has the highest K content
and very low H20 content, appears to be a single phase.
Thermal analysis showed that while the Ca- and Na-ex-
changed leonhardite samples lose water in three distinct
steps, the K-exchanged forms lose water at 100 K lower
and in one broad step.

These samples pose several difficulties for calorimetric
study. The naturalleonhardite starting materials vary in
their cationic compositions and are heterogeneous, mak-
ing it impossible to obtain a fully exchanged form. H20
content decreases with increasing cation size from Ca (14
moles) to K (5 moles). There may also be small differ-
ences in the Si/ Al ratio in the framework. Nevertheless,
an exploratory drop-solution calorimetric study of these
samples proved useful.

The heats of drop solution of Ca-, Na-, and Ca-K-
exchanged forms of naturalleonhardite are summarized
in Table 9. The statistical errors reported are on the order
of :to.5%, indicative of problem-free calorimetry. The
en thai pies off ormation from the oxides and the elements
of Ca-, Na-, and Ca-K-exchanged forms were calculated
(see Table 10). The thermochemical cycles used were
analogous to that for primary leonhardite but correspond
to the stoichiometry of these samples.

The entropies of cation-exchanged forms of leonhar-
dite were estimated from the entropies of substitutional
oxides taken from Robie et al. (1978), and the entropy of
water was estimated from the entropy of leonhardite ex-
perimentally determined by King and Weller (1961) (see
Table 11). Standard Gibbs free energies off ormation are
also shown in Table 11. These do not include configu-
rational entropy contributions.

The Ca2+ exchange by Na+ in leonhardite is endother-
mic, but the exchange for the cation oflarger size, K +, is
exothermic. Generally, H20 content decreases with in-
creasing ionic radius of the cation. Cations, such as K,
having ionic radii significantly greater than that of Ca,
possibly cause a framework deformation and occupy a
significant fraction of the volume otherwise available to
H20. Such cations may prevent mobility of H20 within
the channels.
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