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ABSTRACT

The heat capacities of natural and synthetic samples of leucite (KAlSi,0;), orthorhombic
KAISiQ,, and their iron analogues, KFeSi,O, and KFeSiO,, have been measured between
400 and 1000 K by differential scanning calorimetry. For the various phase transitions
that occur, temperatures of transition and associated changes in enthalpy and entropy have
been determined. The tetragonal—cubic transition in leucite spans 122 to 176 deg, depending
upon the sample studied, and is characterized by two peaks on a C, heating curve. Heat
treatment of a natural leucite for one week at 1673 K lowers the transition by 24 deg. Two
distinct peaks in the C, curve, enhanced by heating, suggest that an intermediate phase
exists that is stable over 17 deg. A space group of I4,/acd has been assigned to this phase
because it can be related to the low-temperature tetragonal leucite phase (/4,/a) by mer-
ohedric twinning and the high-temperature cubic leucite phase (Ia3d) by pseudomerohedric
twinning, both of which are found in leucite. In contrast, KFeSi,O, (leucite structure) has
a single, sharp C, peak at a lower transition temperature. A natural leucite consisting of
88 wt% KAISi,O, and 12 wt% KAISi,O; has an X-ray pattern that indicates tetragonal
symmetry, yet appears to be without twinning when viewed optically. The C, data indicate
a very small transition effect which may, however, be spread out in temperature above the
limit of the DSC (1000 K). The orthorhombic polymorph of KAISiO, undergoes one
transition at 695 and one at 817 K, whereas its iron analogue, orthorhombic KFeSiO,, has
a single transition at 729.5 K. The enthalpy and entropy data indicate that the single
transition in orthorhombic KFeSiO, is approximately equivalent to the sum of the two

transitions in KAISiO,.

INTRODUCTION

Many tectosilicate minerals, such as tridymite (SiO,),
pure-Na nepheline (NaAlSiO,), leucite (KAISi,O,), and
orthorhombic KAISiO,, have high-order phase changes
that are affected by composition, ordering state, and crys-
tal structure. To understand transition mechanisms and
to calculate high-temperature phase equilibria, the ener-
getics of these transitions must be known. Currently, lim-
ited information exists on the thermodynamic properties
of the various feldspathoid minerals. The best-studied
minerals in terms of calorimetric data are nepheline [(K,
Na)AISiO,] and tridymite (Henderson and Thompson,
1980; Thompson and Wennemer, 1979), which are both
characterized by multiple transitions below 700 K. On
the potassic side of the nepheline-kalsilite join, enthalpy
and heat-capacity data exist for only one phase, kalio-
philite (Pankratz, 1968), although several polymorphs are
known (Smith and Tuttle, 1957; Cook et al., 1977; Abbott,
1984). Heat capacities for synthetic leucite have been
measured (Pankratz, 1968), but data on natural samples,
KFeSi,O; (leucite structure), and SiO,-rich leucite are
lacking.
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Leucite is a characteristic mineral of K-rich, SiO,-poor
lavas. At high temperatures it has cubic symmetry, but
during cooling it reversibly changes to a tetragonal form.,
The transition involves a collapse of the (Si,Al)-O frame-
work about the K cations and two types of complex, re-
peated twinning on the {110} crystallographic planes:
merohedric and pseudomerohedric (Mazzi et al., 1976).
Thermal-expansion data (Taylor and Henderson, 1968;
Hirao et al., 1976) in conjunction with heat-content mea-
surements (Pankratz, 1968) indicate that the tetragonal-
cubic transition is continuous, displacive, and second or-
der. DTA (differential thermal analysis) heating curves for
natural and synthetic leucites (Faust, 1963) show that the
transition is characterized by two endothermic peaks with
a positive hysteresis (i.e., the transition occurs at lower
temperatures during cooling than during heating). How-
ever, when Fe** substitutes for Al, KFeSi,O; has a single,
sharp DTA peak at a lower temperature.

Two hexagonal polymorphs of KAISiO, also occur in
K-rich, volcanic rocks: kalsilite and, less commonly, ka-
liophilite (Bannister, 1931; Holmes, 1942). Pankratz (1968)
conducted drop calorimetry experiments on a synthesized
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Table 1. Key to specimen numbers Table 2. Chemical analyses of specimens
89-21 Natural leucite from leucite-trachyte, Mt. Cimini, Sample 89—21'  89-21-A! 90-0s* 1774! FLi' sL2? O’  a—KF
Roman District, Italy ;
Si0, 544 549 55.2 562 484 56.6 368 323
T ; ALO; 225 230 27 203 > 230 349 E
89-21-A  Mt. Cimini leucite heated at 1673 K for one week Fe0 = 3 o = a2y ¥ P o8l
Na,0 03 03 08 S Z 4 :
90-05 Natural leucite from leucite-phonolite, Rocca Monfina, K0 209 200 202 2|51 18:9 202 279 251
Roman District, l1aly Toul 984 985 99.2 97 996 993 97 99.5
1774 APl Tieiite Toomworingie; Demehs BR: gfwd 21797 21645 21663 21900 24709 21601 15648 18694
Wyoming, U.S.A. 3
!Electron microprobe data (wt %)
SL.1 Synthetic leucite (KKAISi;0¢) 2Wet chemical data (w1 %)
FL.t Symhetic KFCSizOs 3gfw - gram formula weight based on six oxygens for leucites and four oxygens for O1 and a-KF
SL.2 Synthetic solid solution of 86 wt % (KAISi,Og)
14 wt % (KAISizOg)
ol Synthetic orthorhombic KAISiO, Synthetic leucite (KAISi,O; specimen SL.1) was prepared hy-
. ) drothermally from a gel at 1033 K and 1 kbar for 37 h by W. S.
a—KF  Synthetic orthorhombic KFeSiO4 MacKenzie. KFeSi,0, (leucite structure, specimen FL.1) was syn-
B—KF  Synthetic hexagonal KFeSiO, thesized by mixing together appropriate amounts of potassium

material identified by X-ray data as kaliophilite. A tran-
sition near 810 K with an enthalpy of transition of 576
J/mol was described as first order. The kaliophilite was
synthesized by Kelley et al. (1953) at 1723 K and 1 atm.
However, based on phase-equilibrium studies by Tuttle
and Smith (1958) and Cook et al. (1977), such conditions
of synthesis should produce the orthorhombic form of
KAISiO,. Perhaps, like nephelines synthesized in the
NaAlSiO,-KAISiO, system (Henderson and Thompson,
1980), the structure of the various KAISiO, polymorphs
is critically dependent on the method of synthesis.

To study the effects of cation size and ordering on the
phase transitions in leucite and KAISiO,, heat capacities
between 400 and 1000 K for natural and synthetic samples
of KAISi,O, and KAISiO, and for their iron analogues,
KFeSi,O, and KFeSiO,, have been measured using a dif-
ferential scanning calorimeter (DSC). For the various phase
transitions that occur, temperatures of transition and as-
sociated changes in enthalpy and entropy have been de-
termined. Various structural interpretations of the nature
of the tetragonal-cubic transformation in leucite, KFe-
Si,04, and SiO,-rich leucite, as well as the two transitions
in orthorhombic KAISiO, vs. the single transition in or-
thorhombic KFeSiO,, are discussed.

EXPERIMENTAL METHODS
Composition and synthesis of specimens

The specimen localities of the three natural leucites used in
this study are given in Table 1. A portion of the Mt. Cimini
leucite (specimen 89-21) was heat treated for one week at 1673
K and labeled 89-21-A. Chemical analyses of the specimens (Ta-
ble 2) were performed by both electron-microprobe and wet-
chemical techniques. The stoichiometry of the wyomingite leu-
cite (specimen 1774) corresponds to a solid solution of 88 wt%
KAISi,O4 and 12 wt% KAISi;O;, in addition to 2.1 wt% Fe,O,.
Although the wyomingite leucite shows no twinning optically, its
X-ray diffraction pattern matches that of the tetragonal form.

carbonate, ferric oxide, and dehydrated silicic acid. The mixture
was melted at 1573 K and allowed to crystallize for 4 d at 1273
K, then remelted at 1673 K and crystallized for 3 d at 1273 K.
Electron-microprobe and wet-chemistry data (Table 2) confirm
that the resulting crystalline material consists of the single phase
KFeSi,O4 and that all of the iron is in the ferric state.

A silica-rich sample of leucite (specimen SL.2) was prepared
as a gel (Hamilton and Henderson, 1968). The dehydrated gel
was loaded into a Pt crucible and heated for 3 d at 1373 K. A
portion of the sample was then removed while the rest was heated
for another 5 d at 1773 K. Electron-microprobe and wet-chem-
istry data on the crystalline product (Table 1) indicate that it is
a leucite solid solution with approximately 14 wt% of the KAlSi,O,
component.

The high-temperature KAISiO, orthorhombic phase (denoted
as O1 after Smith and Tuttle, 1957) was synthesized by mixing
together potassium carbonate, aluminum oxide, and dehydrated
silicic acid. The sample crystallized for 2 d at 1573 K and for 3
d at 1773 K. To synthesize hexagonal 3-KFeSiO, (isomorphous
with kalsilite; Bentzen, 1983) and orthorhombic KFeSiO, (a-
KFeSiO,; Bentzen, 1983), potassium carbonate, ferric oxide, and
dehydrated silicic acid were mixed and melted. Half of this melt
crystallized for 2 d at 1573 K and 3 d at 1373 K, forming or-
thorhombic a-KFeSiO, (denoted as a-KF), while the other half
crystallized at 1103 K for 5 d, forming hexagonal §-KFeSiO,
(denoted as §-KF). X-ray data for each of the KAISiO, and
KFeSiO, samples were compared to data presented by Smith and
Tuttle (1957) and Bentzen (1983).

DSC procedures

Heat-capacity data were collected on each of the specimens
described above with a Perkin-Elmer DSC-2 calorimeter. De-
tailed DSC procedures are given by Stebbins et al. (1982). Each
specimen was heated and cooled at a rate of 20 deg/min through-
out the temperature range of 400 to 1000 K. The entire temper-
ature range was split into five separate intervals, each spanning
approximatety 150 deg and overlapping by 20 deg. Each specimen
was run three times over each interval alternating with runs on
NBS-720 sapphire, but only the last two runs were recorded.
Data points were collected every 0.5 deg. Plots of heat capacity
as a function of temperature for each sample (Figs. 1, 2) between
400 and 1000 K not only record phase transitions with their
associated temperature interval, but also demonstrate the repro-
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Fig. 1. Heat-capacity data showing phase transitions in five
leucite samples: (a) synthetic KFeSi,O4 (specimen FL.1); (b) syn-
thetic KAISi,O4 (specimen SL.1); (c) natural leucite from Mt.
Cimini, Italy (specimen 89-21); (d) heat-treated Mt. Cimini leu-
cite (specimen 89-21-A); (e) leucite from a wyomingite lava (spec-
imen 1774). Arrows indicate points on the C, curve associated
with the beginning of the transition, the primary peak, the sec-
ondary peak, and the end of the transition (Table 3).

ducibility of the runs. C, measurements collected several months
apart on the same specimen were identical within less than 1%
precision.

HEAT-CAPACITY DATA

The tetragonal—cubic transition in leucite takes place
over a broad temperature interval spanning 82 to 176 deg,
depending upon the sample studied. Figure 1 shows data
for five samples: (a) synthetic KFeSi,O;4 (FL.1), (b) syn-
thetic leucite (SL.1); (c) a natural leucite from Mt. Cimini
of the Roman volcanic province, Italy (89-21), (d) heat-
treated Mt. Cimini leucite (one week at 1673 K, 89-21-
A), and (e) leucite from a wyomingite from Leucite Hills,
Wyoming (1774). The abrupt phase change in the KFeSi,O;
contrasts sharply with the broad, double-peaked transi-
tions of the Al analogues. Comparison of the Mt. Cimini
leucite (c) to its heat-treated analogue (d) shows that the
heat treatment lowered the transition temperature by 24
deg and enhanced the separation of two peaks on the heat-
capacity curves. The wyomingite leucite (¢) begins to
transform at 900 K but continues above the limit of the
DSCat 1000 K. These data are from heating experiments,
whereas C, plots from cooling runs are identical with
respect to the shape of the transition peaks but show minor
hysteresis (Table 3).

Figure 2 is a plot of heat capacity vs. temperature for
O1 and orthorhombic KFeSiO, («-KF). O1 undergoes a
rapid transition at 695 K and another rapid one at 817
K, whereas a-KF has a single transition spread over 180
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Fig. 2. Heat-capacity data showing phase transitions in (a)
01 and (b) a-KF (orthorhombic KFeSiO,). Arrows point to the
beginning, the peak, and the end of each transition.

deg. In contrast to leucite, the effect of Fe** substitution
in O1 is to make the transition broader rather than nar-
rower. The second transition observed for O1 corresponds
to the single transition observed by Pankratz (1968) for
the polymorph he identified as kaliophilite. The stable,
low-temperature polymorph, hexagonal g-KFeSiO,
(8-KF), undergoes no phase transitions below 1000 K.
Table 3 lists transition temperature intervals and tem-
peratures associated with the heat-capacity peaks upon
heating and cooling for each of the leucite, KAISiO,, and
KFeSiO, samples. Figures 1 and 2 illustrate which tem-

Temperature —»

O—

Temperature —s

Fig. 3. (a) A schematic illustration of the calculation of AH
using Equation 3. The maximum pointin the C,curve is assigned
to a temperature 7. The points of tangency between the transition
peak and the extrapolated C, equations below and above the
transition define the beginning and end transition temperatures,
T, and T,. Two integrations are performed from T, to 7, and T,
to T, to calculate AH ... (b) A schematic illustration of the cal-
culation of AH,,,, using Equation 4 in the text. A straight line is
interpolated between T, and T, and defines the vibrational C,,
which is subtracted during a single integration.
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Table 3. Transition temperatures

Sample T, Th Th2 T Tes T, Hysteresis AT

No. (K) (K) (K) (K) (K) (K) (K) (K)

89-21 760.0 864.0 877.0 855.0 868.0 920.0 9.0 160.0
89-21-A 756.0 840.0 857.0 833.0 850.0 878.5 7.0 122.5
90-05 763.5 885.5 906.5 876.5 898.0 927.0 9.0 163.0
SL.1 800.0 918.0 946.0 904.0 932.0 976.0 14.0 176.0
FL.1 757.0 823.5 - 807.5 - 839.5 16.0 82.5
SL.2 751.0 841.5 858.0 817.0 842.0 900.5 245 149.5
ot! 660.0 695.0 E 687.0 = 740.0 8.0 $0.0
012 780.0 817.0 - 812.0 : 835.0 5.0 55.0
a—KF 650.0 729.5 - 720.0 . 830.0 9.5 180.0

T, -- temperature at which the transition begins

T - temperature at peak of C; curve upon heating
Tha — temperature at secondary peak upon heating

T, -- temperature at peak of Cy, curve upon cooling
T, -- temperature at secondary peak upon cooling

T, -- temperature at which the transition ends

'First transition at 695 K
2Second transition at 817 K

Hysteresis -- difference in temperature between Ty, and T,
AT -- temperature interval over which the transition occurs

peratures were chosen. The two temperatures associated
with the onset of a transition and its completion were
determined by finding the points of tangency between the
transition peak and the heat-capacity curves both below
and above the transition (Fig. 3a). To determine what
effect the rate of heating has on these data, samples were
heated at 5 deg/min and 40 deg/min. Neither produced
any significant difference in the temperatures of transition
from samples heated at 20 deg/min. However, samples
heated at 0.3 deg/min have transition temperatures that
are approximately 3 to 4 deg lower than samples heated
at the faster rates.

Heat-capacity data were fitted using standard regression
procedures. Data points corresponding to temperatures
below the transition were fitted to a three-term Maier-
Kelley equation of the form C,= a + bT + ¢T2 The
limited number of data points corresponding to temper-
atures above the transition, up to 1000 K (DSC upper
limit), were best fitted to the linear equation C,=a +
bT. Table 4 compiles the fit parameters of @, b, and ¢ for
each specimen. Calculated molar thermodynamic prop-
erties (enthalpy, entropy, heat capacity, and free energy)
between 300 and 1000 K based on fit C, equations from
the experimental data are available upon request! for each
of the ten samples listed in Table 1. Appendix Tables 1-
4 tabulate experimental heat capacities for FL.1, synthetic
leucite (SL.1), natural leucite (89-21), and Ol.

ENTHALPY AND ENTROPY OF TRANSITION

Differential scanning calorimetry allows direct and highly
precise measurements of heat capacity to be made over a

! To obtain a copy of the thermodynamic data, order Docu-
ment AM-86-309 from the Business Office, Mineralogical Society
of America, 1625 I Street, N.W.,, Suite 414, Washington, D.C.
20006. Please remit $5.00 in advance for the microfiche.

continuous temperature interval. Integration of this heat-
capacity data over any temperature interval provides the
total change of enthalpy of the material:

2
AH = f C,dT. )
Ty

Integration of heat capacity divided by temperature pro-
vides the change of entropy:

T2
A f C,/T dT. )
Ty

For some purposes, such as phase-equilibrium calcu-
lations at high temperatures, it may be sufficient to know
the enthalpy and entropy of a mineral above its transi-
tions. Calculations are made convenient by choosing a
single transition temperature T, usually the peak in Cj,
and deriving AH and AS of the transition by subtracting
the extrapolated heat capacity (Cp..mp) Of the low-tem-
perature phase below T, and that of the high-temperature
phase above T.. Equation 1 becomes

Ty
AIIu-ans = f (CP,obs - CP,exlrap) dT
T

72
+ f (CP,obs _ CP,ext.mp) dT ) (3)
Ty

A similar calculation is made for AS,...,. Here, T, and T,
are the temperatures between which transition behavior
is observed and are chosen as discussed above. Calcula-
tions show that a change of 10 deg in the assignment of
the beginning or end transition temperature effects our
calculated values of AH and AS by approximately 4%. An
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Table 5. Changes in enthalpy and entropy at transitions

Table 4. Fitted heat-capacity parameters
Sample Trange(K) 2 b X 107 cX 107 S.EE?
89-21 410-760 196.4 7.515 -55.17 48%
89-21 920-999 2248 1,063 - 42%
89-21-A 410-756 1632 115 -28.28 23%
89-21-A 900-999 2302 6436 - 34%
90-05 410-763 196,7 7.256 -56.81 10%
90-05 940-999 226.1 1.052 . 39%
1774 410-872 2071 4.808 -66.82 19%
SL1 410-800 162.5 11.13 -23.35 36%
FL.1 410-756 17311 1065 -24.87 23%
FL.1 848-999 2426 1906 - 26%
SL2 410-751 184.3 9.080 -48.20 20%
SL.2 910-999 236.2 13440 25%
01 410-630 19.06 21.15 62.70 L1%
a—KF 410-640 24.97 20.95 71.04 42%
a—KF 850-999 147.7 4.000 -10.07 18%
B8—KF 410-999 158.0 2.838 -37.18 46%

'Fit parameters to the Maier-Kelley equation: Cp=a+b+ T2 (1 /gfw K)
%S,EE. - standard error of estimate of Cp

gfw - gram formula weight based on six oxygens for leucites and four oxygens for O1, a-KF and §8-KF

illustration of this method is shown in Figure 3a, and
results are included in Table 5.

This method, however, ignores the continuous nature
of the transition that is spread over a broad range of
temperature. The heat absorbed during this reversible
transition between tetragonal leucite and cubic leucite
cannot be assigned to a single temperature. Therefore, we
present an alternative method for calculating the AH and
AS of a transition that is still approximate and somewhat
arbitrary, but takes into account its continuous nature.
The simplest assumption, in light of our ignorance about
the vibrational C, during the transition, is to interpolate
a straight line beneath the transition peak from T, to T,
(Crinerpy Fig. 3b) and use it to define the C,, which is
subtracted during a single integration:

Iyl
Ang = f (CP,obs - CP,i.nterp) dT. (4)
T

Table 5 lists the results of both methods. The second
approach leads to values of AH and AS that are consis-
tently larger by 10 to 30%. Neither method is entirely
satisfactory: the subtracted value in Equation 4, for ex-
ample, may show a decrease in C, with temperature over
the transition interval. The difference between the two
methods serves best to point out the uncertainties in es-
timates of AH ... and AS,,,; for a transition which is spread
over a temperature range.

These results indicate that the AH and AS of transition
for each leucite sample is strongly dependent upon the
temperature of transition (Fig. 4). Those samples with
higher transition temperatures have greater AH and AS
values. Also, samples with similar transition temperatures
have enthalpy and entropy changes that are also similar,

Sample IAH 2a8 *AH “AS
No (J/efw) (J/etw K) (V/gfw) (3/fw K)
89-21 2,862 3311 3,383 3972
89-21-A 2,629 3.109 3,006 3614
90-05 2,851 3.220 3,719 4275
SL.1 - . 3,813 4,225
FL.1 2,049 2416 2,433 2989
SL.2 2,010 2812 2,905 3.486
o1 . - 597 0.797
o1° . - 427 0.528
a—KF - . 933 1.280

!AH - change in enthalpy using method shown in Figure 3a, [Eq, (3) in text,|

278 -~ change in entropy using method shown in Figure 3a.

3AH - change in enthalpy using method shown in Figure 3b. [Eq. (4) in text |

4AS - change in entropy using method shown in Figure 3b.

SFirst transition at 695 K

%Second transition a1 817 K
gfw — gram formula weight based on six oxygens for leucites and four oxygens for Ol and a-KF

“The transition in SL, 1 extends 1o the upper limit of the DSC and a fit equation for Cy, above the
transition is not possible. This precludes the use of Equation (3) 1o calculate AHyraps. For the O1
and o-KF specimens, extrapolation of C, above and below the transitions produces an essentially
straight line and thus only Equation (4) is used to calculate AH{rans and ASyrans.

especially within the uncertainty of the integrations. Ad-
ditionally, the data show that the sum of the enthalpy
changes for the two transitions in O1 is close to the value
calculated for the single transition in orthorhombic
KFeSiO, (a-KF).

DiscussioN
Leucite

The double-peaked nature of the heat-capacity curve
during the transition in the natural and synthetic leucites
suggests two structural events during the transformation
from tetragonal to cubic symmetry. The two events are
either related to two types of domains within the leucite
crystal structure, each of which inverts to the cubic phase
at different temperatures, or they are related to two tran-
sitions in which the whole structure undergoes two re-
spective changes in symmetry (such as I4,/a to I4,/acd
to I3ad). The latter interpretation implies that leucite has
two tetragonal phases with different space groups (14,/a

]
4,000 - s
L1
90-05 [
- ]
%
3 3,500 |- 82--2
B s —21-
< 3,000 - Eg.? #
sL.2

2800 - FLA

2600 &

2000 1 1 1 i 1 1 1 -

820 840 860 880 900 920 940
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Fig. 4. The AH,,., for each specimen is plotied against its

transition temperature (T, Table 3). Increases in transition tem-
peratures can be correlated to greater AH of transitions.
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and I4,/acd). Tt is possible that different twin mechanisms
are associated with the proposed cubic—tetragonal, and
tetragonal ,—tetragonal, transitions, which explains the two
types of twinning found in leucite (merohedric and pseu-
domerohedric; Mazzi et al., 1976). The twin planes for
either of these twin mechanisms may form at domain
boundaries. Evidence of a domain structure at high tem-
perature is demonstrated by the “memory” effect (Mazzi
et al., 1976) found in twinned leucites. When a twinned
leucite crystal is heated to its cubic form and then cooled,
the twinned crystal has the same proportion of twin do-
mains with the same previous twin boundaries (Peacor,
1968; Sadanaga and Ozawa, 1968; Mazzi et al., 1976).

The leucites are also characterized by a broad transition
temperature interval that could be related to a coexistence
of phases. Henderson (1981) has presented high-temper-
ature X-ray data indicating that SiO,-rich natural leucites
from the Leucite Hills, Wyoming (Carmichael, 1967), and
the leucite-orthoclase solid-solution series (KAISi,O4-
KAISi;O,) (MacKenzie et al., 1974) are characterized by
a coexistence of two phases, one tetragonal and one cubic,
during the tetragonal—cubic transition. A coexistence of
two phases during a transition has been documented in
several other framework silicate, aluminosilicate, and alu-
minate structures: the a—3 transition in cristobalite (Lead-
better and Wright, 1976), the tetragonal—cubic transition
in the solid-solution series (K,Cs)AlSi,O.-(K,Rb)AISi, O,
(Martin and Legache, 1975), and the monoclinic-hexag-
onal transition in (Sr,Ba)Al,O, (Henderson and Taylor,
1982).

One explanation for a coexistence of two phases during
a transition involves martensitic-like behavior (Hender-
son and Taylor, 1982). Henderson and Taylor have sug-
gested that volume discontinuity and anisotropy of shape
between a transformed nucleus and its host crystal gen-
erates elastic strain that opposes the progress of transfor-
mation. Increases in temperature are necessary to provide
sufficient energy for the transformation to proceed further.
Thus, a broad interval of temperature (during which time
both the transformed nuclei and the host phase coexist)
is required to transform the whole crystal. The volume
difference between tetragonal leucite and cubic leucite
makes leucite eligible for this type of transformation.

The above explanation supports our contention that the
tetragonal—cubic transition in leucite recorded on our C,
curves occurred near equilibrium conditions, although the
transition is spread out in temperature. It is significant
that after heat treatment for one week at 1673 K, sample
89-21-A has a more distinct second peak on the C, curve
and a transition event that is lower by 24 deg (Fig. 1d).
The fact that prolonged heating above the transition tem-
perature affects the nature of the transition is further evi-
dence for a domain structure in the cubic phase (first
indicated by the “memory” effect in twinned leucite de-
scribed earlier).

The sharp resolution of two peaks on the C, curve for
sample 8§9-21-A suggests that an intermediate phase exists
that is stable over approximately 17 deg (Fig. 1d). The

LANGE ET AL.: LEUCITE, ORTHORHOMBIC KAISiO,, AND Fe ANALOGUES

proposed space group for the intermediate phase, 14,/acd,
can be related to the low-temperature tetragonal leucite
phase (I4,/a) by merohedric twinning and to the high-
temperature cubic leucite phase (la3d) by pseudomero-
hedric twinning. According to Mazzi et al. (1976), mer-
ohedric twins develop on the tetragonal planes (110) and
(110) with twinned structures having exactly parallel crys-
tallographic orientations, but with the a and b axes in-
terchanged. X-ray diffraction gives Akl diffractions of one
twin exactly superimposed with kh/ diffractions of the
other. The two individuals of the twin show simultaneous
extinctions under crossed nicols, and the crystal appears
optically to be without twinning. In contrast, pseudo-
merohedric twinning develops on the (101) (011) (101)
(011) tetragonal planes and creates twins with parallel a
or b axes whereas the remaining pair of axes are not par-
allel. Thus, the individual twins have distinct spots in X-
ray photographs and do not extinguish simultaneously
when viewed under crossed nicols. It is this type of twin-
ning in leucite with which petrographers are most familiar.

The single thermodynamic process involved with the
transition in KFeSi,O; is in marked contrast to the be-
havior of the aluminous samples. The failure of KFeSi,O,
to show a double set of peaks and hence, as we have
implied, an intermediate tetragonal phase, may arise from
a lack of Fe3+-Si** disorder. Owing to the difference in
their ionic size, Fe-Si disorder cannot easily take place in
KFeSi,O, (Faust, 1963). In contrast, leucite is completely
disordered with respect to Al and Si in both the tetragonal
and cubic phases (Peacor, 1968; Mazzi et al., 1976). Fe-
Si order in KFeSi,O; may preclude the stability of an
intermediate tetragonal phase.

The C, heating curve for the wyomingite leucite (Fig.
1e) lacks a peak yet does record a distinct, though small,
increase in C, at 900 K that continues to the upper limit
of the DSC (1000 K). The apparent absence of twinning
when viewed optically indicates suboptical pseudomer-
ohedric twinning since the X-ray data shows it to be te-
tragonal. Because of the difficulty of obtaining a pure min-
eral separate from the wyomingite groundmass, the leucite
sample is diluted by as much as 30% with other ground-
mass constituents which affect the size of the recorded
peak.

KAISiO, and KFeSiO,

The transitions occurring in the orthorhombic forms of
KAISiO, and KFeSiO, may be similar to the multiple,
displacive transitions in tridymite and subpotassic nephe-
lines (Nukui et al., 1978; Thompson and Wennemer, 1979;
Henderson and Roux, 1977; Henderson and Thompson
1980). The various phases along the join KAISiO,-
NaAlSiO, are stuffed derivatives of the tridymite frame-
work structure. Henderson and Thompson (1980) related
the transitions occurring in these phases to various degrees
of framework collapse. Tridymite is the archetypal min-
eral phase for the NaAlSiO,-KAISiO, system and under-
goes four displacive transitions below 700 K (Thompson
and Wennemer, 1979). DSC data on a pure-Na nepheline
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synthesized by Henderson and Thompson (1980) indicate
that it undergoes two transitions below 480 K which are
separated by 20 to 40 deg. Their X-ray data show that
the sample consists of two phases, one with an ortho-
rhombic 3¢ superstructure and a second phase with even
lower symmetry. Henderson and Thompson attributed
the two transitions to the respective inversions of the two
coexisting phases to hexagonal symmetry at different tem-
peratures.

Our DSC results show that O1 undergoes one relatively
rapid, reversible transition at 695 K and another at 817
K. The single transition observed by Pankratz (1968) for
the sample referred to as synthetic kaliophilite corre-
sponds to the second transition in O1 at 817 K. The two
transitions in O1 either correspond to two coexisting phas-
es (or domains) inverting to hexagonal symmetry at dif-
ferent temperatures [as suggested by Henderson and
Thompson (1980) for their pure-Na nepheline] or to a
single phase undergoing two changes in symmetry (similar
to the multiple transitions in tridymite).

On the basis of the evidence of Cook et al. (1977) for
two modifications of orthorhombic KAISiO,, it is con-
ceivable that the first transition at 695 K is related to a
symmetry change between two orthorhombic structures.
However, the second transition at 817 K, observed in both
O1 and Pankratz’ sample, would then correspond to an
orthorhombic-hexagonal transition. This type of transi-
tion is precluded by the fact that Pankratz identified his
sample (below 817 K) as hexagonal synthetic kaliophilite
(which has an X-ray pattern sufficiently different from
orthorhombic KAISiO, to make misidentification of the
phase unlikely) and observed only a single transition at
817 K. Slight differences in synthesis conditions and com-
position may account for our synthesis of Ot vs. Pankratz’
synthesis of kaliophilite. Alternatively, the C, peak at 695
K could be related to a transition from Ol to a phase
similar to hexagonal kaliophilite. The second peak would
then represent the inversion of kaliophilite to an even
higher hexagonal symmetry.

The orthorhombic form of KFeSiO, (o-KF) has a single
transition spanning approximately 180 deg. Whether this
transition is analogous to either the first or both transitions
in O1 is uncertain. According to Bentzen (1983), a com-
parison of the orthorhombic KFeSiO, powder-diffraction
pattern with those of the two modifications of orthorhom-
bic KAISiO, does not indicate isomorphism between the
Fe and Al analogues although comparison of the unit-cell
parameters suggests structural similarities. Energetically,
the data indicate that the enthalpy and entropy of the
transition in o-KF is approximately equivalent to that of
the sum of the two transitions in O1. This result suggests
that the transition in «-KF involves structural rearrange-
ments that have been separated into two events in the O1
polymorph.

CONCLUSIONS

Four major conclusions have been drawn from the DSC
data on natural and synthetic samples of leucite: (1) The
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broad transition temperature intervals in leucite may re-
flect a coexistence of phases during the transition and not
disequilibrium conditions. (2) Heat treatment of a natural
leucite (89-21-A) for one week at 1673 K sharpens the
tetragonal-cubic transition into two distinct events. The
separation of two peaks on the C, curve (Fig. 1d) points
to the existence of an intermediate phase that is stable
over approximately 17 deg. (3) The intermediate phase
can be assigned to the space group I4,/acd on the basis
of the occurrence of two forms of twinning in leucite:
merohedric and pseudomerohedric. Merohedric twinning
can transform the tetragonal space group 74,/acd to 14,/a
(low-temperature tetragonal leucite; Mazzi et al., 1976)
whereas pseudomerohedric twinning can transform the
cubic space group Ja3d (high-temperature cubic leucite;
Pankratz, 1968) to I4,/acd. (4) The effect of Fe?* substi-
tuting for Al in the leucite structure is to lower the tetrag-
onal—cubic transition by at least 40 deg and to produce a
single, sharp C, peak (Fig. 1a). The Fe-Si order in KFeSi,O
(Faust, 1963) is in contrast to the complete Al-Si disorder
in leucite (Peacor, 1968; Mazzi et al., 1976) and may
preclude the stability of an intermediate tetragonal phase.

The following observations have been made from the
DSC data on synthetic samples of KAISiO, and KFeSiO,:
O1 is characterized by one transition at 695 K and another
at 817 K. At 695 K, the transition is from orthorhombic
01 to hexagonal kaliophilite, and the transition at §17 K
transforms the phase to an even higher hexagonal sym-
metry. The orthorhombic iron analogue, o-KF, has a sin-
gle transition at 729.5 K. The enthalpy and entropy data
indicate that the single transition in «-KF is approxi-
mately equivalent to the sum of the two transitions in O1.
Hexagonal 8-KF (KFeSiO,) undergoes no transitions be-
low 1000 K.
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App. Table 1. Experimental heat capacities of 89-21 (natural App. Table 2. Experimental heat capacities of SL.1 (synthetic
leucite) leucite)

Temp Heat Capacity Temp Heat Capacity Temp Heat Capacity Temp Heat Capacity
(®) (J/gfw K) (X) (J/gfw K) x) (J/gfw K) x) (J/gfw K)
420.0 197.4 845.0 274.7 420.0 195.2 885.0 270.3
450.0 203.4 850.0 28L.5 450.0 201.0 890.0 273.1
500.0 212.1 855.0 291.5 500.0 209.5 895.0 276.5
550.0 218.5 860.0 304.7 550.0 216.5 900.0 280.7
600.0 224.9 865.0 310.3 600.0 222.3 905.0 285.3
650.0 231.3 870.0 300.5 650.0 228.2 910.0 290.7
700.0 238.2 875.0 289.5 700.0 236.3 915.0 295.1
750.0 245.0 880.0 280.2 750.0 242.1 920.0 296.3
760.0 246.6 885.0 267.2 800.0 246.4 925.0 291.1
765.0 247.2 890.0 252.5 805.0 247.3 930.0 283.8
770.0 248.3 895.0 245.4 810.0 248.0 935.0 279.0
775.0 249.0 900.0 241.5 815.0 248.7 940.0 275.3
780.0 250.0 905.0 238.9 820.0 249.6 945.0 271.2
785.0 251.1 910.0 237.4 825.0 2I52/..2 950.0 264.6
790.0 25253 915.0 236.0 830.0 253.2 955.0 255.6
795.0 251.4 920.0 234.9 835.0 254.2 960.0 248.3
800.0 252.5 950.0 233.6 840.0 255 2 965.0 243.6
805.0 253.8 990.0 237.0 845.0 256.3 970.0 241.1
810.0 254.9 850.0 250 =17, 975.0 239.9
815.0 256.6 855.0 258.8 980.0 239.2
820.0 258.5 860.0 260.0 990.0 237.9
825.0 260.5 865.0 261.9

830.0 263.2 870.0 263.4

835.0 266.1 875.0 265.3

840.0 269.8 880.0 267.6
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App. Table 3. Experimental heat capacities of FL.1 App. Table 4. Experimental heat capacities of O1
Temp Heat Capacity Temp Heat Capacity Temp Heat Capacity Temp Heat Capacity
(X) (J/gfw K) (X) (J/gfw K) (x) (J/gfw K) (K) (J/gfw K)
420.0 203.0 840.0 245.5 420.0 140.9 770.0 173.4
450.0 208.6 845.0 245.2 450.0 145.2 780.0 173.7
500.0 216.5 850.0 244.8 500.0 151.8 785.0 174.2
550.0 223.8 900.0 243.8 550.0 157.2 790.0 176.2
600.0 229.7 950.0 243.3 600.0 161.9 795.0 177.4
650.0 236.0 990.0 245.4 650.0 169.2 800.0 179.7
700.0 242.2 660.0 172.4 805.0 184.0
750.0 249.5 665.0 169.1 810.0 191.5
755.0 250.6 670.0 170.5 815.0 202.5
760.0 251.5 675.0 172.5 820.0 195.2
765.0 252.5 680.0 175.6 825.0 178.5
770.0 253.7 685.0 180.1 830.0 176.9
775.0 254.9 690.0 187.0 835.0 176.6
780.0 256.5 695.0 192.8 840.0 176.6
785.0 258.2 700.0 188.1 850.0 176.9
790.0 260.1 705.0 181.3
795.0 263.9 710.0 176.9
800.0 268.0 715.0 174.6
805.0 273.9 720.0 173.3
810.0 288.0 725.0 172.7
815.0 311.3 730.0 172.1
820.0 375.6 735.0 172.0
825.0 386.6 740.0 171.8
830.0 252.2 750.0 171.7
835.0 246.2 760.0 172.3






