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Voorwoord 

Hoewel een proefschrift typisch het werle is van een individuele wetenschappelijke 
onderzoeker, is het onmogelijk om een dergelijke prestatie zonder de medewerking van 
anderen te leveren. Aan een ieder, die een positieve bijdrage aan of tijdens de 
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De gastvrijheid, die ik bij het vervaardigen van dit proefschrift heb genoten bij de vak
groep Geofysica, met de ondersteuning van de heren Dr. A.P van den Berg, J.H.M. 
Hoofd en Dr. W. Spakman, heeft mij in staat gesteld de tekst op kristallografisch 
verantwoorde wijze te verwerken. 

De voortreffelijke grafisch bijdragen (foto- en tekenwerk) uitgevoerd door de heren J. 
Bult (voormalig Geologisch en Mineralogisch Instituut te Leiden) en J.U. van Ber
genhenegouwen, I.M Santoe en A. Trappenburg (Instituut voor Aardwetenschappen 
Utrecht) heeft mij in staat gesteld om de resultaten van de vaak ingewikkelde analyses en 
berekeningen op een betrekkelijk eenvoudige wijze te presenteren. 

Bij de bestudering van de uitgebreide literatuur op het gebied van veldspaten en kristal
groei, heb ik dankbaar gebruikgemaakt van de voortreffelijke dienstverlening van staf en 
personeel in de bibliotheek van het Instituut voor Aardwetenschappen Utrecht. 

De adviezen en de belangstelling van mijn promotor Prof. Dr. P. Hartman tijdens het 
schrijven van dit proefschrift zijn van bijzondere waarde geweest. Ik hoop, dat ik ook in 
de toekomst nog lang met hem van gedachten kan wisselen over wat ons in de 
kristallografie zo boeit. 

Mijn collega's van de groep P(etrologie)M(ineralogie)K(ristallografie) die mij met hun 
belangstelling en hulp ter zijde hebben gestaan, ben ik zeer erkentelijk. 

Utrecht, 3 oktober 1990. C.F.Woensdregt 
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1 

CHAPTER 1
 

MINERAL GROWTH AND INTERGROWTH 

1 Introduction 

Mineral growth should concern the majority of the earth scientists. Almost all terrestrial 
materials are crystalline and products of crystallization or recrystallization. Minerals are 
reported to crystallize from vapour, aqueous solutions, gels or melts. These magmatic 
melts from which e.g. aluminosilicates crystallize are, however, in physico-chemical 
sense solutions. The true melt contains mostly one component and has a more condensed 
state than the diluted solution, since its liquid phase structure has nearly the same density 
and a more or less similar type of short-range order (interatomic distances and coordina
tion chemistry) as the bulk crystalline material from which the melt is derived. In the 
multicomponent and much more diluted solutions the mass transfer, e.g. by diffusion, is 
the most important factor controlling the growth rate, and solid-liquid interactions in the 
form of complexes between solute and solvent are easily produced. In the more con
densed melt structure the heat transfer, the removal of the latent heat of crystallization 
from the melt-crystal interface, is the growth rate determining factor. Magmatic melts are 
in fact high temperature multicomponent solutions, in which mass transfer, nucleation 
and crystallization determine the crystal growth of rockforming minerals ( for a review, 
see Sunagawa, 1984a). At lower temperatures mineral growth occurs in hydrothermal 
solutions and in aqueous solutions at near-surface or sedimentary conditions. The super
critical solutions from which pegmatites crystallize have much in common with the 
vapour phase. In metamorphic rocks the recrystallization is often described as a solid
solid crystallization. In many cases a fluid phase has been present so that intercrystalline 
diffusion could take place. Intracrystalline diffusion is at least one or more orders of 
magnitude lower, and consequently dry metamorphic reactions such as recrystallization 
or mineral transformation are taking place very slowly. 

Hence geological material crystallizes or recrystallizes very often from the liquid or 
vapour phase. Mineral growth under geological circumstances is extremely slow com
pared with experimental growth in laboratories. Still these experiments are one way to 
find out, which parameters are important for crystal growth under geological conditions. 

During the World War II various nations were cut off from the supply of natural quartz, 
which came mainly from Brasil. Because of the strategic interest in quartz used in the 
electronic industry the goverments of the U.S.A. and Great Britain decided that strong 
efforts must be made in order to synthesize the mineral quartz. For many mineralogists 
this would be an impossible task as they claim that minerals should always be formed in 
nature. Crystal growers, however, are not so reluctant to use this terminology. 
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Nowadays synthetic minerals are available in commercially interesting quantities. They 
are used for their electro-optical, electronic or magnetic properties, e.g. in lasers and in 
electronic devices. For the chemical technology minerals are synthesized as molecular 
sieves or catalysts. Furthermore artificially grown gemstones are sometimes cheaper sub
stitutes for natural gemstones. Besides quartz other minerals such as corundum 
(ex - A1z0 3 , the gemstone varieties: sapphire and ruby), spinels (MgA1z0 4, ferrites), 
beryl (emeralds), chrysoberyl (alexandrites) and even diamond are available. In addition, 
materials with a crystal structure identical to their mineral counterparts, but with a some
times slightly different chemical composition have been synthesized. Examples are gar
nets (YIG,Y3Fes012' and YAG, Y3Als0 12), zeolites (ZSM-5, Linde-A, etc). The most 
important synthetic single crystals are those of the element Si, which has the same crystal 
structure as diamond, while materials of the type III-V, such as GaAs, GaP, etc. have the 
same crystal structure as sphalerite (ZnS). Industrial bulk: crystallization has sometimes 
analogues in geological processes. The production of sodium chloride is related with the 
formation of evaporites. Furthermore drinking water softening in pellet reactors produces 
the same type of rounded calcite grains as those found in oolitic deposits (Dirken et aI., 
1990). 

During the last three decades crystal growth developed into an interdisciplinary science, 
in which physicists, chemists, metallurgists, crystallographers and earth scientists take 
part They founded the Comite Internationale de Croissance Cristalline, CICC (later on 
renamed in International Organisation on Crystal Growth), in 1966 under which author
ity International Conferences on Crystal Growth (ICCGs) and International Summer 
Schools on Crystal Growth (ISSCGs) are organized. The first ICCG was held in Boston 
(1966) and the first ISSCG took place in 1971 at Noordwijkerhout (Netherlands) 
directed by Professor P. Hartman (Hartman, 1973). The Commission on Crystal Growth 
of Minerals of the International Mineralogical Association organizes special symposia 
during the IMA conferences and sponsors separate meetings such as the International 
Symposia on Crystal Growth Processes in Sedimentary Environments (Rodriguez
Clemente and Tardy, 1987). 

2 Experimental methods 

Before the end of the last century the first experimental petrologists studied the behaviour 
of furnace slags and silicate mixtures. Specially the hydrothermal experiments by which 
the stability relations of rockfonning minerals could be established under geological con
ditions of temperatures and pressures, contributed to the development of the experimental 
petrology in later years, e.g. the system diopside-forsterite-silica (Bowen, 1915), alkali 
feldspars (Bowen and Tuttle, 1950). Only a limited number of experimental crystal 
growth techniques serves as analogues for crystal growth processes under geological 
conditions. See for more information about experimental growth techniques Chemov 
(1984). In the next section the author has selected only a few examples, mainly from 
experiments made at the Department of Crystallography of the Institute of Earth Sciences 
Utrecht (the Netherlands). A complete review of what has been published in the last 
decade, would be completely out of the scope of this introduction. The most common 
experimental solution growth methods can be divided into the following types. 
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Hydrothermal growth 

Hydrothennal growth includes growth from aqueous solutions at high pressure and tem
perature. This method is very suitable for the growth of quartz and silicates as they have 
a low solubility at nonnal atmospheric pressure and room temperature. Regularly 
hydrothennal growth temperatures vary from about 200 to more than 1000

0 
C and pres

sures from 0.5 to more than 10 kbar. The solubility of the solute at these temperatures 
and pressures might even increase by the presence of a so-called mineralizer, e.g. NaOH 
in the case of quartz synthesis. By hydrothennal methods uncommon feldspars such as 
buddingtonite (NH4AISips) and Rb-feldspars have been synthesized (Voncken et aI., 
1988 and 1990) 

.flux growth 

Flux growth from molten salt solvents at high temperature is a special type of solution 
growth and is also known as high temperature solution growth. The molten salts have the 
same characteristics as solutions. Simple or complex oxides which are components of the 
materials to be grown as single crystals, dissolve in the flux. Flux growth proceeds at 
relatively low tempertures, often as much as 1000

0 
C below the melting point of the 

solute. Furthennore the equipment needed for flux growth is relatively cheap compared 
with that suited for hydrothennal growth. Flux growth of feldspars has been perfonned 
already before the end of the last century. Hautefeuille (1876, 1877) described the high 
temperature solution growth of potassium and sodium feldspars. Woensdregt (1983b, 
1985) reported about the influence of impurities on the habit of potassium feldspar grown 
from tungstate fluxes composed by W03 - K zW04 in which the constituent oxides 
(AlZ0 3 and SiOz) dissolve at temperatures slightly above 700

0 
C. 

growth from glass 

The ground mass of volcanic rocks often consists of glass which is often partly 
devitrified. Synthetic glass can be obtained by quenching the molten mixture of the con
stituent oxides. It is used as starting material not only for hydrothennal experiments, but 
also for growth of minerals from glass at atmospheric pressures by cooling slowly from 
temperatures just below the liquidus temperatures. Examples of such minerals grown 
from glasses are diopside (Rinaudo et aI., 1986; Book, 1988) and spessartine (van 
Haaren, 1989). 

growth from gels 

The gel growth method is suitable for the growth of minerals with a low solubility at 
room temperatures. Typical for the gel growth is that a chemical reaction, e.g. due to the 
mixing of two different solutions such as one containing NaHC03 and an another with 
CaClz, is slowed down by the gel. The presence of a gel inhibits the fonnation of regions 
of extremely high supersaturation due to the inhomogeneous distribution of the reac
tants, which leads to high nucleation and growth rates of very small, badly crystallized 
crystals (see also Henisch, 1970). Examples of gel grown minerals are calcite 
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(Heijnen,1985) and KCl (Desai and Hanchinal, 1985). 

growthfrom aqueous solutions 

From slightly undersaturated solutions of easily soluble salts more or less well developed 
crystals can crystallize by evaporation, e.g. NaCl, NaN03• For compounds of which the 
solubility increases with increasing temperature the same effect can be reached by cool
ing the solution below the temperature at which the solution is in equilibrium with the 
solute. An alternative is the addition of another component which induces the crystalliza
tion process. Examples are the salting-out effect such as the addition of HCl to a solution 
saturated with KCl (Desai and Hachinal,1985) or the chemical reaction, e.g. the addition 
of NaHC03 to a solution of CaClz, by which one of the CaC03 polymorphs, vaterite or 
calcite, will precipitate. In order to obtain well developed crystals the addition of these 
components is mostly used in combination with the presence of a gel. 

3 Crystalline interfaces 

3.1 influence of the structure 

The crystalline material can be bounded by planar surfaces called crystal faces or, mostly 
when they are not wanted, facets. In the early days of crystallography these crystal faces 
were already connected with the internal crystal structure. Haiiy (1784) concluded from 
the cleavage planes of calcite that the crystals are composed of molecules integrantes 
after that Steno in 1669 already formulated the law on the constancy of interfacial angles. 
After the discovery of X-rays and their application on crystalline material the attention of 
crystallographers and mineralogists was drawn away from the external surface to the 
internal crystal structure. 

Hartman and Perdok (1955) described the relation between the internal crystal structure 
and the external crystal morphology. Morphology studies based on these principles have 
already been performed for many minerals, e.g. apatite (CalO(P04MOH)z, Terpstra et. 
aI., 1986), high sanidine (KA1Si30 g, Woensdregt, 1982), cotunnite (pbClz) and laurionite 
(Pb(OH)Cl) (Woensdregt and Hartman, 1988), forsterite (MgzSi04, 't Hart, 1978a), 
biphosphammite (N14HzP04, Aguila and Woensdregt, 1984), rutile (riOz, Felius, 1976), 
diopside (CaMg(Si03h. van Panhuys and Hartman, 1981), etc. An automatic computer 
search for F faces has also been developed based on the principle of direct chain genera
tion (Strom, 1985; Hartman and Strom, 1989). 

It is completely absurd to think that the external morphology is only interesting for those 
mineralogists, who use the external morphology data for the identification of minerals. 
The crystal faces are the crystalline interfaces during the growth. They represent slowly 
growing surfaces which control by their atomic surface the growth process including the 
adsorption of impurities. Sunagawa (1984a) reviewed the results of the investigations on 
the surface microtopography of natural crystals, which reflects the growth conditions. On 
crystals grown from the vapour phase mostly polygonal growth spirals occur with mono
molecular step heights and wide step separations. This can be explained by the presence 
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of growth units in the form of ionic entities at the low supersaturations. This is in sharp 
contrast with the surface topography of crystals grown from an aqueous solution, which 
have higher step heights, rugged steps and wavy surfaces. Their growth units must have 
been considerably larger and the supersaturation much higher than in the case of vapour 
growth. Sometimes the mineral morphology informs about the crystallization history. 
Fluorite, CaF2, crystallizes in nature under various conditions and shows mainly {lOO} as 
dominant forms. If fluorite, however, crystallizes from vapour, its habit is octahedral 
(Hartman, 1988) 

Crystals grown in nature and laboratory are not the equilibrium forms, which satisfy the 
thermodynamical conditions of the minimum specific surface free energy formulated by 
the Gibbs-Curie law. They are growth forms of which the habit is controlled by the pre
vailing growth conditions (impurity concentrations, degree of supersaturation, growth 
temperature, etc.). Only under special conditions, such as a closed system in which 
Ostwald-ripening can take place, equilibrium crystals will be formed. 

The dissolution of crystals starts at the edges and results in the formation of subrounded 
crystals with curved faces (e.g. natural diamond, Sunagawa,1984b). In a later stage of the 
dissolution process more or less planar crystalline interfaces are once again formed. The 
so-called dissolution form shows crystal faces which normally do not occur during the 
growth. Sometimes these faces are rough by the presence of terraces (e.g. see for dia
mond, Sunagawa, 1984b and for synthetic garnet, Beregi et al., 1983). 

Detailed study of the crystalline interfaces reveals that sometimes there are two different 
surfaces possible, which differ from each other in height by one submultiple of the ele
mentary growth layer called slice ( Hartman and Heijnen, 1983; Heijnen, 1986b). The 
difference between these slices is caused by a distinct surface configuration. Examples 
are the slices dOll of barite (Hartman and Heijnen, 1983), and those slices dOll of ADP 
bounded by either NHt- or H2P04" ions (Aguila and Woensdregt, 1987). The presence 
of slices which are in these cases just the halves of the elementary growth layers yields 
much higher growth rates for those particular crystal faces than could be expected on the 
basis of the so far known normal two-dimensional growth mechanisms (Hartman and 
Heijnen, 1983). 

Sometimes minerals occur as replacement pseudomorphs. In that case the actual mineral 
phase still owns the crystal morphology of its precursor. Jansen et. al. (1987) were able to 
derive from the morphology of the ikaite crystals found in cores from the Zaire deep-sea 
fan, that the ikaite crystals crystallized from a previously formed authigenic carbonate 
phase, which was probably calcite. 

3.2 influence of the supersaturation 

Below the roughness temperature, which is determined by parameters such as the melting 
temperature, latent heat and an anisotropic energy factor (see also Sunagawa, 1984a), 
crystal faces grow at relatively low supersaturation layer-by-Iayer. This layer growth 
takes place either by the two-dimensional nucleation growth mechanism (2DNG) or by 
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the BCF spiral growth mechanism. The F faces of silicates grow nonnally at tempera
tures far below their roughening temperatures. At higher supersaturations the growth 
fonn can show a habit completely different from that at lower supersaturations. If the 
driving force exceeds a critical value, layer growth transfonns into continuous growth. 
This is known as kinetic roughening. 

In an experimental study on crystal-growth kinetics in the H20-saturated NaAISi30 g

CaAl2Si20 g- H20 (Ab-An-H20) system, Muncill and Lasaga (1988) demonstrated the 
effects of the increased supersaturation on the growth forms of plagioclase. Plagioclase 
(An30) crystals grown at 2 kbar and undercoolings of less than 40°C are predominantly 
tabular. At undercoolings between 40 and 100 °C, the crystals principally occur as lath
shaped crystals of which the principal growth direction is parallel to the a axis. At under
coolings of 100 to 200 °C the plagioclase crystals occur as bundles of acicular crystals. 
At undercoolings greater than 200 °C, the plagioclase grows as spherulitic crystals 
around the seed crystals. With the increase in pressure from 2 to 5 kbar and the concomi
tant increase in H20 content of the melt the field of euhedral tabular growth is expanded 
from 0-40 °C to greater than 0-110 °C undercooling. 

The supersaturation can have another effect on the crystal growth. By programmed cool
ing methods Kirkpatrick et al. (1981) obtained crystals of forsterite, a clinopyroxene 
and wollastonite from a synthetic stoichiometric diopside glass. The nature of the crys
talline phases obtained from these experiments depends on the nominal undercoolings 
(from the liquidus of 1391 °C to quench temperature) and the cooling rate. They found 
that at all cooling rates the first crystalline material to appear is always forsterite. Kirkpa
trick et at. used 10 °C/hr as lowest cooling rate. By cooling first and subsequently heat
ing at a temperature just below the liquidus temperature of a diopside glass and once 
again cooling at a rate of 6-30 °C/h Rinaudo et al. (1986) and Boek (1988) observed 
always idiomorphic diopside as the first crystals. The first cooling cycle of Rinaudo et al. 
(1986) provides the nuclei and the isothermal treatment just below the liquidus tempera
ture reduces the nuclei to such an extent that only a limited number of diopside crystals 
can grow. Kirkpatrick et al. (1981) did not obtain diopside crystals, but metastable 
forsterite crystals as first crystallites due to the initial high degrees of supersaturation. 
Their crystals are always hopper-shaped (forsterite) or dendritic (forsterite, clinopyro
xene) or forming a continuous network in between the dendrites of clinopyroxene (wol
lastonite). This is in sharp contrast with the idiomorphic diopside crystals obtained by 
Rinaudo et al. (1986) and by Boek (1988). 

3.3 influence a/impurities 

The presence of impurities can strongly affect the growth of crystals. Sometimes the 
growth of certain faces will be hindered, which can lead to a habit change. An example 
of such an effect is given by Van Panhuys-Sigler et at. (1988) for cotunnite (pbClz). 
Crystals grown in pure aqueous solutions at low supersaturations show dominant {211} 
and smaller [100} and {O10J. Crystals grown from solutions to which KCI, NH4CI, 
CdCl2 or a mixture of these components is added, are elongated parallel to the c axis with 
[011} as main terminal forms. Only at low supersaturations and low additives 
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concentrations the form {211} is dominant. This may be caused by the adsorption of 
OH- ions on {211J, which is possibly confirmed by the presence of a deposit of 
Pb(OH)Cl. Crystallization from HCl containing solutions enhances the {OlD} and {l21} 
forms, presumably through preferred adsorption of W and possibly PbCli ions. By 
increasing the supersaturation the habit change diminishes until the stage where dendrites 
appear. 

4 Model studies 

The influence of the crystal structure on the surface configuration of the crystalline inter
face can be derived with atomic precision by the Hartman-Perdok method (see for a 
recent review Hartman,1988). The attachment energy, which is directly proportional, at 
least for the slowly growing F faces, to their growth rates (Hartman and Bennema, 1980) 
can be computed in an electrostatic point charge model. In table 1 the compounds are 
presented, for which calculations have been performed with the ENERGY program 
(Woensdregt 1990a) in the electrostatic point charge model as formulated for cubic 
sphalerite (ZnS) by Hartman (1956). 

In the electrostatic point charge model the surface of the slices is assumed to be ideally 
crystalline. They are planar and two-dimensionally infinite, while steps, kinks, hillocks 
and inclusions of impurities or solvent are absent. Nor is the presence of screw disloca
tions, which enable the growth of flat faces at low supersaturations, included. In fact the 
surfaces of the crystal faces are obtained by truncating the ideal bulk crystalline structure. 
The influence of surface reconstruction or relaxation is not considered. In order to com
pute the influence of surface relaxation on the morphological stability of several oxide 
surfaces Mackrodt (1988) used the atomistic simulation techniques. For a - Al20 3 the 
relative stability of the surfaces changes substantially due to the surface relaxation. Hart
man (1989) explained, however, that the preferential adsorption of solvent on the surface 
must be responsable for the growth forms of a-F~03 (hematite) and a-A120 3 (corun
dum), both for crystals grown in nature and in laboratory. The adsorption of water or 
other solvents can change the surface energies substantially as has been demonstrated by 
van der Voort and Hartman (1988). 

5 Mineral intergrowth 

If alternative ions have sizes and charges maintaining the geometrical stability and local 
charge balance, atomic substitution is tolerated. Since at higher temperatures the thermal 
vibrations are greater and the size of the atomic sites is less rigid, this leads to chemi
cally variable structures, which sometimes are also disordered with respect to particular 
ions and sites. An example of such a substitution is that of the potassium ion by the 
much smaller sodium ion in the alkali feldspar structure at high temperatures. This 
results into a solid solution at higher temperatures of potassium feldspar (high sanidine) 
and sodium feldspar (monalbite). At lower temperatures « 980°C) the solid solution is 
limited due to the strain produced in the crystal structure. The sodium feldspar exsolves 
as oriented intergrowths. These intergrowths (perthites) are sometimes macroscopically 
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Table 1 

rutile Ti02 Felius (1976) 
corundum Al20 3 Hartman (1980) 
quartz Si02 Hartman (1978) 
trirutile A2+Bi'Oj- Felius (1976) 
bromellite BeO Hartman (1982) 

fluorite CaF2 Hartman (1974) 
weddellite CaCp4·H20 Heijnen and van Duyneve1dt (1984) 
aragonite CaC03 Heijnen (1986a) 
calcite CaC03 Heijnen (1985) 

olivine Mg2Si04 't Hart (1978b) 
chrysoberyl Al2Be04 't Hart (1979) 
sinhalite MgAlB04 't Hart (1979) 
diopside CaMgSi20 6 Boek (1988) 
high sanidine KAlSi30 S VVoensdregt(1983a) 
low microcline KAISi30 s VVoensdregt(199Oc) 
ordered orthoclase KAISi30 s VVoensdregt(199Oc) 
high albite NaAISi30 s VVoensdregt (1990b) 
zircon ZrSi04 VVoensdregt (1990d) 
pyrope Mg3AI2(SiOJ3 Bootz (1988) 

kaolinite Al2Si2Os(OH,F)4 Hartman (1983) 

ADP ~H2P04 Aguilo and VVoensdregt (1987) 
barite BaS04 Hartman and Strom (1989) 

Cd02·2.5H2O Dumas et al. (1980) 

superconductor YBa2Cu3~_% Sun et al. (1990) 

visible, but can also be at the scale of sub-microscopical or even sub-X-ray inclusions. 
Due to the ordering process crystalline material has sometimes a higher symmetry at 
higher temperatures than at lower temperature, e.g. the momoclinic high sanidine with a 
disordered Al distribution and the triclinic completely ordered low microcline. 

Minerals respond to such changes of physical and chemical environment by adapting 
their structures and chemical compositions. Such changes are called mineral transforma
tions (Putnis and McConnell, 1980). Not always will the thermodynamical equilibrium 
state be reached as mineral growth is mainly controlled by mass transfer processes. At 
lower temperatures the diffusion is mostly too low that equilibrium reactions will be 
completed. The kinematics control the final results and intermediate stages are 
preserved. This is also known as the alternative kinematic behaviour (Putnis and 
McConnell,1980). 

From the investigation of oriented intergrowths the earth scientists learn about the ther
mal history of the crystalline material after the primary crystallization from a high 
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temperature solution took place. The formation of oriented intergrowths is one of the 
possibilities to adjust the crystal structure of a solid solution in order to decrease the free 
energy under the new conditions. e.g. the oriented intergrowths of magnetite and diopside 
(Woensdregt et aI., 1983 and 1990). At the time of the transformation of diopside ~ 

amphibole magnetite crystals nucleated on amphibole lamellae. This is a typical example 
of metamorphic growth with water as one of the reactants during which new phases 
nucleate epitaxially on an older substrate. Sometimes the crystal structure is changed by 
small variations in bond lengths or angles. Typical examples of such a solid-solid crys
tallization is the displacive high-low quartz transformation, during which the hexagonal 
crystal structure of high quartz is changed into that of trigonal low quartz. 

There are at least still two other mechanisms known which produce oriented inter
growths. Oriented intergrowths such as the graphic intergrowth of quartz and feldspar are 
produced by the coprecipitation of two phases just at the eutectic composition. Epitaxy is 
an other growth mechanism, by which an oriented overgrowth of a thin layer on a sub
strate is formed. The interface may be either coherent or incoherent depending on the 
degree of misfit between the lattices of the host substrate and the guest thin film. 

6 Main objectives ofthe present study 

The present study describes the results of the investigations on mineral growth and inter
growth in the following context. 

6.1 Mineral growth 

6.1.1 introduction 

chapter 1 
In the first chapter the importance of the mineral growth and inter
growth for the earth sciences is demonstrated. 

6.1.2 electrostatic point charge model 

chapter 2 
In order to calculate the electrostatic attachment and slice energies for 
the cubic sphalerite Hartman (1956) introduced the formulae given by 
Madelung (1918) which describe the potential induced in a point P by 
an infinite row of equally spaced point charges. With these formulae 
a computer model suited for any ionic compound regardless of its 
symmetry, has been developed, in which the electrostatic Coulomb 
contributions to slice, attachment and crystal energies can be calcu
lated. 
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6.1.3 zircon 

chapter 3 
Aguila and Woensdregt (1984 and 1987) demonstrated that in the case 
of ADP (NH4H2P04), also known as the mineral biphosphammite, the 
charge distribution is essential for the selection of the surface with the 
energetically most favourable configuration. The implications of this 
analysis for the mineral zircon ZrSi04 have been presented in the 
present publication. 

6.1.4 alkali feldspars 

chapter 4 

Potassium feldspars show a rich variety of habits. Sometimes the crys
tals are elongated either along the a axis (Raveno habit, fig. la) or 
along the c axis (Carlsbad habit, fig. lb), while at other times they are 
tabular and flattened parallel to {01O} (Finistere habit, fig. lc). 
Prismatic crystals with dominant {lIO} (Adularia habit, fig. ld) are 
also known. 

The external crystal morphology of monoclinic potassium feldspars 
has already been investigated by Woensdregt (1982). He classified the 
crystal forms in F-, S- and K forms (fig. 2). Only the slowly growing F 
forms should be present on crystals grown in nature and laboratory. 
According to Hartman and Bennema (1980) the growth rates of these 
F faces are directly proportional to the attachment energy. For high 
sanidine, the monoclinic high temperature monoclinic polymorph of 
the potassium feldspars, Woensdregt (1983a) computed these energies 
in an electrostatic point charge model. Neither..an ordered_oxygen sur
face boundary of the forms fOOl}, {01O}, {20l} and {101} nor the 
introduction of covalent bonding in the electrostatic point charge 
model does vary the habit substantially. This theoretical growth form 
is rather simple, its Adularia-like habit is prismatic following {11O} 
and show in addition only the forms fOOl} and {01O}, and sometimes 
subordinate {02l}. At high temperatures the replacement of K by Na 
does not change the symmetry. The disordered sodium feldspar is the 
monoclinic monalbite, which transforms at lower temperatures into the 
triclinic analbite. The influence of the substitution of K by Na on the 
crystal growth of alkali feldspars is studied by the calculation of the 
attachment energies of analbite. 



11 mineral growth and intergrowth 

FINISTERRE HABIT 

CARLSBAD HABIT 

BAVENO HABIT 

ADULARIA HABIT 
Figure 1 

The four principal habit types of potassium feldspars after 
Woensdregt (1982). 

aQOO); blOlO); c(OOI); e(021); i(160); m(llO); n(130); p(lll); 
x(lOl); y(201). 



12 mineral growth and intergrowth 

chapter 5 

The AI ordering of potassiwn feldspars is of special interest as it is 
connected with a change of symmetry. This mineral transformation 
can occur in one step, directly from the monoclinic high sanidine into 
the triclinic low microcline. The second possibility is the so-called 
two-step ordering path via the intermediate monoclinic polymorph 
ordered orthoclase. Theoretical growth models based on data obtained 
from various model calculations will inform about the influence of the 
AI ordering on the growth of the different potassium feldpar 
polymorphs. 

chapter 6 

The calculations in the electrostatic point charge models can yield 
electrostatic lattice-site energies and crystal energies as well. There
fore the consequences of these computed energies for the stability 
relations between the distinct potassiwn feldspars polymorphs will be 
discussed. 

6.2 mineral intergrowths 

chapter 7 
Typical examples of oriented intergrowths are the inclusions that 
cause either asterism or chatoyance in gemstones. The oriented inclu
sions in star diopside, star quartz and eat's eye sillimanite will be 
described in detail. 

6.3 conclusions 

chapter 8 

The last chapter summarizes the results of the investigations on 
mineral growth and intergrowth. 
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Stereographic projection of the most important crystal faces 
classified as F, Sand K faces. Zones parallel to PBGs consisting of 
T-O bonds are fully drawn, while zones parallel to PBGs having both 
T-O and K-O bonds as strong bonds are represented by dashed lines 
(after Woensdregt. 1983). 
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CHAPTER 2 

COMPUTATION OF SURFACE ENERGIES 

IN AN ELECTROSTATIC POINT CHARGE MODEL: 

I Theory 

Abstract 

The attachment energy (Ea ) is the energy released per mole, when a new slice of thickness 
dhkJ crystallizes on an already existing crystal face (hkl). The growth rate of the crystal face 
(hkl) is a function of its attachment energy. The slice energy (Es ) is the energy released per 
mole, when a new slice dhk1 is formed from the vapour neglecting the influence of edge ener
gies. The lattice energy (E ) which is the energy released per mole of a crystal crystallizing c 
from the vapour, is given by the following relation: Ec =: Ea + Es • Both the attachment 
energies and the slice energies can be calculated in an electrostatic point charge model using 
the formula derived by Madelung for the potential introduced by an infinite row of equally 
spaced point charges. Power series are given for the Hankel function i H m(iy) and 
'¥(x) =: dlnx! I dx. The logarithmic expression in the Madelung formula converges rapidly 
when applying a power series, which combines equally charged cations and anions. 

1 Introduction 

Although it is now possible to observe directly the crystallization processes of silicate 
minerals (Tsukamoto et aI., 1983; Sunagawa et a1. 1986), theoretical model calculations can
not be neglected. 

Crystal growth processes are known to be influenced by other factors than the ideal crystal 
structure of the growing crystals, such as the presence of impurities, supersaturation and 
environmental symmetry. Among the impurities the influence of the solution and the pres
ence of volatiles cannot be excluded. In laboratory experiments high rates of supersaturation 
are almost inevitable as natural processes must be studied in a relatively short time. This is 
only possible in experiments in which near-equilibrium is almost never obtained. 

Following Hartman and Bennema (1980) the attachment energy is, at least for F faces, 
directly proportional to their growth rates. Hence calculations of attachment energies can 
provide data about the growth rates of individual crystal forms (hkl). 

For that reason model calculations in an electrostatic point charge model can be performed. 
In this model the computations are relatively simple, if the formulas of Madelung are used. 
The limitation of this model is its ionic character, although the influence of the partly 
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covalent character of certain ionic bonds, such as Si-O and AI-a bonds, can be estimated 
from calculations with adjusted electric charges. Other types of bonding, Born repulsion and 
surface reconstruction are not included in this model, and, if necessary, their influences on 
the growth rates must be calculated in a different way. 

2 PBC analysis 

The concept of the Periodic Bond Chains (PBCs) enables one to study the relation between 
internal crystal structure and crystal morphology (Hartman and Perdok, 1955a and b; see for 
a review Hartman, 1973 and 1988). A PBC is an uninterrupted chain of strong bonds 
between the crystallizing units, such as ions, molecules, atoms or clusters thereof, fonned 
during the crystallization. Only a limited number of PBCs can be distinguished in a crystal 
structure, assuming that strong bonds are confined to the first coordination sphere. Crystal 
faces can be classified either as F faces, that contain at least two PBCs in a slice of thickness 
dw , or as an S face parallel to only one PBC, or as K faces not parallel to any PBC at all. 

-co +co 

Figure 1 

One crystallizing unit is attached on an already existing crystal face 
(hId) of a half crystal divided into m slices each dhld thick. Each 
crystallizing unit contains a PBC (m, n), where m represents the slice 
number, and n the chain number. 
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The F faces grow the slowest of all according to a layer mechanism and are therefore the 
only important ones for the crystal morphology. So the identification of PBCs and subse
quent classification of crystal faces as F, S and K faces can be of great value in understand
ing the crystal morphology. On the other hand, this PBC analysis provides the slice 
configuration of the most important faces and shows the crystalline structure of the interface 
with atomic details. Only in a few cases it is possible to arrive at the relative order of impor
tance for the F faces in a semi-quantitative manner (e.g. Hartman, 1963; Woensdregt, 1982), 
assuming that not all the strong bonds are equal in strength. To quantify this order of impor
tance the Hartman-Perdok theory uses the attachment energy and slice energy. 

The attachment energy, Ea , is the energy released per mole, when a new slice of thickness 
dhlcl crystallizes on an already existing crystal face (Irk/). The slice is, in case of an F face, 
the elementary growth layer; its thickness dw is equal to the period with which the same 
surface configuration is repeated. This interplanar spacing dhJcl is determined by the same 
extinction conditions as X ray reflections. Hence, e.g. for the space group C2/m the inter
planar spacing has to comply with the condition h + k = 2n. The attachment energy is, in 
fact, the sum of all the interaction energies over all the ions belonging to one crystallizing 
unit and over all the slices dhlcl into which the crystal has been divided parallel to the crystal 
face (hk/), see also figure 1. 

The slice energy, E s ' is the energy released per mole, when a new slice dhlel is formed from 
the vapour neglecting the influence of edge energies. 

The chain energy, Ech ' is the energy released per mole, when a stoichiometric chain, which 
should not have a dipole moment perpendicular to its chain direction, is formed from the 
vapour. It may be considered as a measure of strength of the chain, which needs not neces
sarily be a PBC. 

The crystal energy, Ec ' is the energy released per mole, when the crystal crystallizes from 
the vapour. The following relation holds between the crystal energy, the attachment energy 
and the slice energy : 

(1) 

3 The electrostatic point charge model 

In order to compute the attachment energy of a crystal face (hk/), Ejhlel), of an ionic com
pound, the crystal structure has to be formulated in terms of an electrostatic point charge 
model. The crystal structure is completely decomposed into PBCs running parallel to 
[U 1VI W d, which is in addition the zone axis to which the crystal face (hk/) belongs. In an 
o!!hQSQ!!al projection of the crystal structure on a plane perpendicular to [U 1V 1Wd, i.e. 
(U 1V 1W 1)· in the reciprocal lattice, these PBCs are schematically drawn as parallelograms, 
see figure 1. For the purpose of computation these PBCs are numbered as PBC (m, n), 
where m indicates the number of slice dhlcl and n the position within that particular slice 
with respect to the central PBC(m, 0). Each PBC consists of a number of cations and anions. 
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Each ion belongs to a row parallel to [U I V I W d consisting of '2N equally spaced point 
ch.-arge~.3e extending along the Z axis in a Cartesian system. In the projection plane 
(U I VIWI)·, chosen through P, the point at which the potential has to be computed, each 
row will be seen as an individual point. 

The potential at the point P(R , Z) induced by a row r of'2N equally spaced point charges qe 
with spacing p can be calculated (see Madelung, 1918; Kleber, 1939; Hartman, 1956 and 
1973) as shown below. 

There are three different cases : 

1. The point P is situated in a general position, where R '# 0 and Z '# 0 (see figure 13) : 

i1R lZ 
Vp (R,Z) = 2.!J!... [ I: 1ti Ny> [21t ] cos [21t ] + In [2£..] + lim In N ] (2)

P 1=1 P P R N-+

where the expression i H (l) (iy) represents the Hankel function of the zeroth order, ofo
which the value decreases rapidly as the argument y increases (Jahnke et aI., 1960; see also 
Appendix B) 

2. The point P is situated on the row of point charges, anywhere in between two point 
charges, where R = 0 and Z '# 0 (see figure 2b) : 

Vp (O,Z) = --;[ w[f ]+ w[l-f] - [f ]-[~ ]]+ 2-; e In N (3) 

where 'I'(x) = din x! / dx (see also Appendix A). 

3. The point P is situated just at a site of a point charge, R =Z =0 (see figure 2c) 

Vp (0, 0) = 2 qe [c + In N] (4)P N__ 

where: c =-'1'(0) = 0.57721566490 (Euler's constant) 

Since a stoichiometric composition is necessarily an electrostatic assembly, any constant 
term will be eliminated, when the summation over the charge is carried out, including the 
logarithmic singularity. 

The coordinates X, Y and Z are the Cartesian coordinates with P(O, 0, 0) as origin calculated 
from the fractional coordinates (x, y and z), the cell constants (a, b, c, ex, ~, and y) and 
given projection axis IU.lV.LWd. These coordinates can be calculated for ion A situated in 
the projection plane (U 1V 1W 1)" from 
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Position of point P(R, Z) with respect to row of ions pQrqilfi to 
[U1V1Wd having a period p. The projection plane (U1V1W 1)* 
perpendicular to [ U 1V 1W 1 J is chosen through peR , Z). 

a) P in general position: R "F- 0, Z "F- ° 
b) P on the row ofions: R =0, Z "F- ° 
c) P on an ion site: R = Z = 0. 
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(5) 

where: a;. b; are the unit cell parameters aand b respectively projected along the X axis. 
and. in the same manner. a;. b; and c; the uniteell parameters along the Y axis. and : 
Xa = X + nU 3 + mUz • Ya = Y + nV3 + mVz and Za = Z + nW3 + mWz . The 
fractional coordinates x. Y and Z of ion A are in the original PBC(O. 0). As the projected c 
axis is always parallel to the Y axis the c; = O. The translation [U 3V 3W 3] is a lattice trans
lation between two consecutive PBCs in a slice, while the translation [U zVzW zJ is that 
between two consecutive slices. Thus x ' Ya and Za , which are the coordinates of A in the a 
PBC(m , n) are obtained by a double lattice translation: n x [U 3V 3W 3], to a position within 
the PBC(... , n) and m x [U zWzWzJ to a position within the PBC(m, ...), see also figure 1. 

The height Z above the projection plane (V I VI Wl ,passing through P and perpendicular to 
the [U I V I WI] PBC. see also figure 2a and 2b. can be derived as follows: 

a cos ~ 0 O~ 
Z = 0 bcos'lf 0 (6)

[o 0 ccoscP. 

where x p , Yp and zp are the coordinates of point P and the angles <II, 'If and ~ are defined as 
follows, <II: < ([UIVIWI] , [001]), 'If: < ([UIVIWI] , [010]) and 
~ : < ( [UIVIWd , [100] ). 

The distance R is the distance measured on (VI VI WI)" between the point P and the projec
tion of the row, see both for Z and R also figure 2a and 2b. 

One can define a B r tenn as follows : 

(7) 

Bij taking together the r'h row of the positive charges and the r 'h row of the negative 
charges, one obtains: 

8~_ = 2~ [In [:. ]- m [~ ] ] (8) 
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or 

Br = 2qe In[R_~ (9)+1- RP + 

Hartman (1956) computed these B ~_ terms by means of a converging power series for the 
cubic mineral sphalerite (ZnS). Such a series can also be developed for the general triclinic 
case (see Appendix C). 

Let the number of rows belonging to the PBC (m, n) be equal to 2K (K positive and K nega
tive ones) and the potential at P induced by row r equal to VmpM' the total potential at 
P(R , Z) induced by the whole PBC(m , n) is : 

2K 

L VmpM (10) 
r=l 

The number of positive ions is normally not equal to that of the negative ones. For the power 
series, however, the cations and anions are so arranged, that an equal number of rows of 
positive and negative point charges is obtained (see also Appendix C). 

The contribution of the m th slice to the potential at P (R, Z) is obtained by the summation 
over all PBCs situated in slice m : 

(11) 
",=-

The interaction energy Emp, that is the interaction energy between the ion at point P(R , Z) 
with charge qpe and the m'lt slice can be expressed as follows: 

(12) 

The energy Em' which is the total interaction energy of slice m with all the 2K ions, at points 
P, belonging to one crystallizing unit with slice m, is equal to 

2K 

L Emp (13) 
p = 1 

If one wishes to compute the attachment energy, i.e. all the interaction energies between all 
the 2K ions at points P belonging to one crystallizing unit and all the slices m ( 1 :5: m :5: 00) , 
one should sum: 
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2K of- 2K 

Ea = L E". = L L L L qpeVmp", (14) 
".=1 ".=1 p=1 ,,=- r=1 

The same applies to the slice energy Es , where, however, the interaction energy is restricted 
to only one side of the slice m = O. 

of- 2K 
-_ 1 ~ EEs -2 LJ Op= -

1 
L
2K 

L L qpeVopnr (15) 
p =1 2 P =1 1l=-oor=l 

The energy of the central chain PBC (0, 0), where both m and n are equal to zero, is : 

12K 12k 2K 

-2 L E opo = -2 L L qpeVopor (16) 
p=1 p=1 r=1 

4 Conclusions 

The algorithms derived above enable one to compute for all types of ionic compounds the 
surface energies, such as slice energy and attachment energy, on the basis of the electrostatic 
point charge model. These energies will be computed for zircon (ZrSiO4) in the next paper 
(Woensdregt,1990). 

For any neutrally charged combination of ions, which repeats itself after a translation of 
[U 1VI Wd and is not polar in a direction perpendicular to it, the FORTRAN program 
ENERGY calculates the surface energies of any slice dlll" where (hkl) is parallel to 
[U 1V 1Wd. Such a combination of ions needs not necessarily be a PBC. 
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Appendix A DPSI (ARG) function subprogram 

The DPSI (ARG) function is not supplied as a Fortran mathematical function by standard 
compilers neither as an in-line nor as an out-of-line function. Therefore a FORTRAN sub
routine has been specially written for the purpose. 

The PSI function can be given as 

d In xl dlnr(1+x)
\jf(x) = dx (A.1)

dx 

According to Khovanskii (1963) : 

d In r (x + 1) S 2 1
dx =-y+ 2X- SJ-X + (-1)"+ SII+1X " (A.2) 

where: y = 0.57721566490 (Euler's Constant) 

and for n ~ 2 : 

1 1 ( 21t)211 B" 
(A.3)S" L 

m =1 m" 2 (2n) I 

B" : Bernoulli number n . 

The values of S" have been taken from Lienard (1948). So the value of the PSI function for 
argument x can be calculated as follows: 

\jf(x) = -y + L (_1)11+1 S"+1X" (AA) 
,,= 1 

The values calculated with the algorithm (AA) differ from the ones published Davis (1935) 
by not more than - 7 . 10-8 for an argument 0.1 ~ x ~ 0.9 . The power series converges 
after e.g. 30 terms for x = 0.5 , 165 for x = 0.9 . 
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Appendix B DHANKEL (ARG) function subprogram 

The DHANKEL (ARG) is a subroutine function written in FORTRAN, which calculates the 
values of the Hankel cylinder function i Hy) (iy) for an argument 0 < Y <15 as tabulated 
in Jahnke et at. (1960, pp. 232-239). 

According to Watson (1952, p. 60, after eq. (3)) 

where 

I I I 1 
A" = 1 + 2" + "3 + "4+ -;; (B.2) 

and y = 0.57721566490 Euler's Constant.
 

When eq. (B.l) is substituted in the following equation (Watson, 1952, p. 73, after eq. (1))
 

i Hy) (iy) = i Jo (iy) - No (iy) (B.3) 

one obtains 

where 

W (y) = (lh Y )21& (B.5)
" (n! )2 

Using the series expansion (Watson, 1952, p.15) 

(B.6) 

eq. (B.4) can be written as 
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The values obtained with the DHANKEL (ARG) function subprogram differ only by 2.10-11 

for 13 < Y < 15 from the ones published by Jahnke et al. (1960). 

Appendix C Calculation of the In B :,_ term 

The term B:'_ (see eq. (6) of section 2) can also be computed with sufficient accuracy by a 
power series, when the distances R + and R _ are sufficiently large. 

R + can be written as follows ( see figure 2a and 2b) : 

(C.l) 

where X/ and Y/ and Xp and Yp are the Cartesian coordinates of cation 1+ belonging to the 
nth chain and point P, respectively. The coordinates X/ and Y/ are a function of chain 
number n : 

X/ = An + B (C.2) 

Y/ = Cn + D (C.3) 

The coefficients A, B, C and D can easily be calculated from eq. (4). Defining 
K = B - Xp , L = D - Yp , P = A 2 + C 2, Q = 2AK + 2CL and R = K 2 + L 2, eq. 
(C.l) can be rewritten as : 

R + = " Pn 2 + Qn + R (CA) 

By analogy, the distance between point P and anion L belonging also to the ntn chain can 
be given as: 

R _ = " Pn 
2 + Sn + T (C.S) 

So the following relation holds, if one combines a cation with an anion having the same 
valence and belonging to the same nth chain, 
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- -%; B~_ ~ In[ 1 + [ ; .-1 + ~ .-2]] - In [ 1+ [ ~ .-1 + ~ .-2 ]}Co6l 

Using twice the decomposition 

In(l+X)=X-~X2+ ~X3_~X4+ +(_l)"-1 ~x" (C.?) 

eq. (C.6) becomes 

r_LB+/_ C -l+C -2+C -3+ C -N= In 2n 3n - Nn (C.8)
qe 

As the summation will be made for all ions I belonging to the chains present in slice dhkl 
with chain numbers ranging from -00 till +00, the summation of n for N uneven are : 

(C.9) 
II =-00 

So only the coefficients CN are given for N = even (see table 1). In table 2 the summations 
N --1: n- are listed for N = 2, 4, 6 and 8. In practice this expansion series of eq. (C.8) is 

,,= 1 

sufficiently accurate by using only the coefficients C 2, C4 and C6 if the chain number n > 
10. Logarithmic contributions of ions belonging to chains with numbers n ::; 10 are directly 
computed. 

One should bear in mind, that the above described method to calculate the B'"+t_ term 
requires an equal number of rows of positive and negative point charges. This can be 
achieved by splitting cations and anions in an appropriate way. For example in a compound 
A2~2' A should be split into two point charges A+ each of which should be combined with 
one B- point charge. 
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Table 1 

-2P 2'(r-R 2)+4P (S2T _Q 2R)_S4+Q4
 

4p 4
 

2P 3(T3 _R 3) _SP2(S~2_ Q 2R 2) +6P (S4T _ Q4R)_S6+ Q6
 

6p 6
 

_2P 4(T4_R 4) + 16p3 (S~3 _ Q2R3)_20P2(S~2_Q4R2)+ 8P (S~ _Q 6R)_ SS +QS
CS = 

8ps 

Table 2 

Values 01 I:-
/I 

-,
1 

where m = 2,4,6 or 8. 
1 n'" 

n-2I:- = 
/I = 1 

n-4I:- = 
/I =1 

n-{jI:- = 
945 

/I =1 

n-8I:- = 
/I =1 
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CHAPTER 3 

COMPUTATION OF SURFACE ENERGIES 

IN AN ELECTROSTATIC POINT CHARGE MODEL: 

II Application to zircon (ZrSi04) 

Abstract 

In zircon (ZrSi04) four different Periodic Bond Chains (PBCs) can be described, i.e 
[001], <100>, < Ih Ih Y2 > and < Ih, Y2, 1 Y2 >. F faces which grow slowly according to a 
layer mechanism, are {l00} and lOll}. Calculation of attachment energies, which are 
supposed to be directly proportional to the growth rates, is g;rformed in electrostatic 
point charge models, model I : Zr4+si4+o1-, model II : Zr Siz+OJ·5- and model III 
Zr4+SioOJ-. The theoretical growth fonn is short prismatic following {100} and is ter
minated by the dipyramid lOll}. The lower the oxygen charge the more elongated the 
crystal is parallel to the c axis. The slice d on can be defined either bounded by zir
conium (d~Jl ) or by silicate tetrahedra ( d~J1)' As these slice boundaries differ in height 
one half slice with thickness d022, and these half slices d~z and dgn are F faces, the 
growth of {OIl} may also take place by elementary growth layers of thickness d022' In 
that case the growth rates of {Oll} increase and the growth models are even more 
prismatic. Biphosphammite (NH4H~04' ADP) has a crystal structure similar to that of 
zircon. The F fonns of ADP are also {lOa} and {O11 }. The typical tapering observed on 
ADP crystals grown from Cr bearing aqueous solutions due to the presence of {Okl} with 
k > I is not common for zircon. The S fonn {031} of ADP has such a relatively low 
attachment energy that it could be present on the theoretical growth fonn. For zircon the 
S fonn {031} could only be present on the theoretical growth fonn with fonnal charges, 
provided that the growth of {OIl} takes place with half slices don and the adsorption of 
impurities establishes additional strong bonds parallel to its slice boundaries. On the 
models with lower silicon and oxygen charges the fonn {031} is not present, but a 
reduction of the attachment energy of less than 0.1 percent would result into the appear
ance of {031} on these models as well. If 0 - H ... 0 bonds could be fonned by 
adsorption of protons, silica complexes or water molecules. additional hydrogen bonds 
parallel to <110> would establish the F character of {llO} and {001}, which has been 
observed sometimes on minerals and synthetic crystals. Neutrally charged solvated silica 
complexes, such as Si(OH)4.2HzO, possibly present as impurities on kink sites could 
reduce the growth rate of the fonns {IIO} and {OO1}. 
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I Introduction 

The morphology of zircon (ZrSi04) in relation to the crystal structure has already been 
analysed by Hartman (1956). For that purpose the crystal structure was reduced to Zr4+ 
and SiOt ions. which are assumed to be the building units during the crystallization 

Table 1 

Crystal structure data of zircon (ZrSiOJ 

Zircon ( ZrSi04 ) 

space group 141/amd 
aD = 0.66042nm. Co = 0.59797nm 

model qezr qeSi qeo 
-2 
-1.5 
-1 

z 
0.0000 
0.5000 
0.3201 

model 1 
model 2 
model 3 

+4 
+4 
+4 

+4 
+2 

0 
atom x y 
Zr(1) 
Si(l) 
0(1) 

0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.1840 

The fractional coordinates of the oxygen 0(1) have been obtained from the published 
values (XHF, YHF and ZHF) by Hazen and Finger (1979) according to the following 
equations: XO(16) = YHF + 1,4. Y0(16) = XHF, ZO(16) = ZHF -lh. The Zr and Si atoms 
are numbered with n=I •......... ,4 : (1) x;y. Z(2) x. Y + V2. Z + 'l'4 (3) x + ~ •Y + 'h. Z+ ~ 

(4) x + ~. y. Z + % 

The 0 atoms are numbered with n = 1•...........8: (1) X. Y. Z (2) x. l-y. Z (3) Y. x. l-z (4)
 
l-y. x. l-z (5) x. Y + 'h. V4 -z (6) x. 'h - Y • V4 -z (7) Y. x + ~. Z + V4 (8) 1 - Y • x + V2 • 
V4+Z. 

The coordinates of the 0 atoms numbered from 9 till 16 included are obtained from the 
symmetrical equivalent oxygens numbered from 1 to 8 included. by adding the I 
translation [~ 'h 112]. 
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process. The silicate ion was considered to be located on the site of the silicon atom. Nei
ther the exact position of the oxygen ions nor the slice configuration at the scale of the 
individual oxygen ions had been taken into account. Periodic Bond Chains (PBCs) were 
described parallel to [OOU, <100>, < ~ Ih Ih > and <110>. Later Hartman (1959) 
demonstrated that the <110> PBC has no physical meaning. Hence F faces parallel to at 
least two PBCs are {OlO} and {OIl}, while {1l0}, {1l2} and {001} are S faces. 

In the present study of zircon the complete silicate ion is taken into account and special 
emphasis will be given to the different slice configurations which especially exist for the 
slice doll' Furthermore the attachment energies will be computed in electrostatic point 
charge models (Woensdregt, 1990) in order to construct the theoretical growth forms. 

In addition, the crystal growth of zircon will be compared with that of biphospharnmite 
(NH4H2P04)' which is better known under its technological acronym ADP. 

2 PBC analysis 

2.1 strong bonds 

The crystal structure data and fractional coordinates of the atoms published by Hazen and 
Finger (1979) have been used in the present study. These data are listed in table 1, in 
which the numbering of the atoms has been explained as well. The zircon crystal struc
ture (space group I4J!arnd) is characterised by the silicon-oxygen tetrahedra which are 
bonded to six different zirconium ions. On the other hand each zirconium ion is sur
rounded by six silicate tetrahedra, two of which by a pair of relatively long Zr-O bonds 
(0.2267 nm) and four others only by one shorter Zr-O bond (0.2128 nm). 

The mineral biphosphammite or ADP ( NH4H~4 ) has a crystal structure which is 
rather similar to that of zircon. The most important differences are, the lack of cen
trosymmetry in case of ADP (space group I42d) and the presence of two hydrogens per 
molecule. In supersaturated solutions of which the pH is about 4, the ADP is almost 
completely dissociated into [NRd+ and [H2P04r ions (Sillen, 1959). The only bonds to 
be taken into consideration as strong bonds (Aguila and Woensdregt, 1984) are the 
N-HN...O bonds between the crystallization units [NH4]+ and [H2P04r . Each [H2P04r 
ion is bonded to six neighbouring ammonium ions by strong bonds. These bonds can be 
divided in two type f bonds with the relative large N-HN.. ·0 distance of 0.3170 nm, 
and four types of g bonds with the shorter N-HN'" 0 distance of 0.2909 nm. Each 
phosphate tetrahedral group is bonded to four others by the hydrogen atoms, Ro. forming 
the hydrogen bond o-Ro'" 0, called type e. This e type bond is not to be considered 
as a strong bond, because the hydrogen bond involved is too weak to overcome the ionic 
repulsion between the two negatively charged [H2P04r ions. 
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b' 
Si= 0'---' 

0.1 nm 0= 0 
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Zr= • 

Figure 1 

Projection o[ the zircon crystal structure along the c- axis. The 
relatively short 0-0 distances 0[0.2840 nm are given as dashed lines 
[or 0(3). 
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2.2 [OOlJ zone 

In the projection II [001] of the zircon crystal structure (figure I) the [001] PBC can 
easily be recognised: 

/0(4,100)" / 0(1,001) 

Si(1) Zr(1,OOI) " Si(I,ool) 

"0(3)/ "0(2,Oll( 

Within the slice d lYlo this PBC is linked to the equivalent PBC centered on Si(4) by 
another PBC parallel to [100] : 

Si(l) -- 0(3)- Zr(4)-0(4) - Si(1,IOO) 

I /" I0(2,010) 0(13) 0(14,010) 0(1,100) 

I "/ I 
Zr(1)- 0(16)-Si(4)- 0(15)-- Zr(1,lOO) 

Being parallel to two PBCs the form (Ol0) is an F form. Within the slice d zw the [100] 
PBCs are not linked neither parallel to [110] nor to <'l2 'l2 'h>. So (IIO) is an S face. 

2.3 [100J zone 

The [100] projection (figure 2) shows the [100] PBCs bonded by both the already known 
[001] PBC and the < 'l2 'l2 'l2 > PBC 

0(1) 

r 
Si(I)- 0(3) - Zr(4)- 0(10)- Si(3,OOI)- (= Si(I,lh1h1h» 

1
0(4,100) 

resultinl in the F character of (020) and (Oll). The slice dOll can be defined either as 
slice dOll bounded by Zr ions or as slice dg11 bounded by oxygen ions of the silicate 
tetrahedra. The slice dgll is not only undulated in the plane of projection, but also in the 
third dimension, if silicon-oxygen bonds should not be broken by the slice boundaries. 
The shaded area of figure 2, between the silicon !!!oms Si(l) and Si(4), contains two 
boundaries, one with Si(1) linked to 0(1) and 0(2,010) which are all situated at height 0, 
and the other with Si(4) bonded to 0(13) and 0(14,010), all at height 0.5. 
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--d 
020 

_ 

Zr= • L.........l 
0.1 nm 

Si= 0 
0= 0 

Figure 2 

Projection of the zircon crystal structure along the a- axis. Only the 
Si-O strong bonds have been drawn. In the left low corner the Zr
(OH,F)-Zr PBCs parallel to [010J and Ph 112 1hJ are drawn. For 
0(3) thefour equivalent short 0-0 bonds are drawn as dashed lines. 



surface energies in electrostatic point charge model (zircon) 39 

Just as in case of ADP (Aguila and Woensdregt, 1984) all forms {Okl} with k > I are S 
forms. For the face (001) the slice thickness must comply with the conditions for {001} : 
I = 4n. Within a slice of this thickness the [100] PBC does not exist and so {004} is a K 
face. 

2.4 <-'l2 lh lh> zone 

The I cell symmetry of zircon results into the halving of the period of the PBC parallel to 
[111]. The <Wh1h> translation period is the shortest translation period (0.5545 nm) of 
all PBCs. The < 'h 'h 'h > PBC described in the previous section is in the < 'h 'h 'h > 
projection (figure 4) a partial PBC, which means that the PBC is stoichiometric but has a 
dipole moment perpendicular to its vector. It can be transformed into a ~mplete PBC by 
taking it together with its equivalent one centered around Si(2) and Zr(3,100). 

The ['h 'h 'h] projection contains besides the already described F form {OIl}, the forms 
{I12}, {2ll} and {IlD}. The d~ll delineated in figure 4 is identical to the d~ll defined 
with the [100] PBC (figure 2), just as the alternative slice dgll . The {112} and {121} are 
S forms as their slices are only parallel to the < 'h 'h 'h > PBC and other strong bonds 
parallel to their slice boundaries are absent. Moreover {IIO} is in this projection a K 
face as the complete < 'h 'h Y2 > PBC does not fit within the slice boundaries of d ZlO• 

25 < -'l2. -'l2. ]lh > 

The fourth PBC parallel to <'h, 'h, 1 'h> will not change the already described character 
of the crystal forms of zircon. The configuration of this PBC (see also figure 1) is as fol
lows: 

0(14.010) I 0(12,001) 
I / "

Zr(l)- 0(16)-Si(4)-- 0(13)- Zr(4)-..O(1O)- Si(3,OOl)-0(11,OOl)- Zr(3,OOl)=Zr(1/h~1~) 

I I 
0(15) 0(9) 

2.6 qualitative results 

Four complete PBCs are present in zircon, parallel to <100>, [001], <'h 'h 'h> and <'h, 
'h, 1'h>. The qualitative PBC analysis of ADP (Agui16 and Woensdregt, 1984) lead to 
identical results. Consequently the only F forms of both zircon and ADP are {Oll} and 
{IOO}. The stereographic projection given in figure 5 shows the PBCs and the 
classification of the most prominent crystal forms. 

The surface of the slice of d lYlo is occupied by oxygen atoms, while that of lOll} is 
bounded either by positive zirconium ions (d~l1) or negative silicate ions (dg11 ). The role 
of impurities and the surface diffusion will be different for each of these slice 
configurations. 
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Zircon and ADP are partly different with respect to the character of their strong bonds. 
Although their bonding scheme is almost identical, their charge distributions are quite 
distinct, due to the presence of ammonium instead of the zirconium ions, the hydrogens 
and the phosphate ions with the central P S+ ion instead of the silicate ion with the central 
Si4+. This could imply for zircon a significant deviation from the theoretical growth 
forms which have already been computed for ADP (Agui16 and Woensdregt, 1987). 

3 Attachment energies 

3.1 models 

Having classified the crystal forms in F, K and S forms the quantitative morphological 
importance must be established. For F faces Hartman and Bennema (1980) indicated that 
the growth rate is directly proportional to the attachment energies. The calculations 
which can be performed in the electrostatic point charge models have been described in a 
previous paper (Woensdregt, 1990). By applying the Madelung formula for the potential 
induced by an infinite row of equally spaced point charges, it is possible to calculate the 
slice energy, Es , the attachment energy, Ea and the crystal energy, Ec • The exact 
definitions of these energies are given by Woensdregt in the previous paper. The follow
ing relation holds : 

(1) 

Three different point charge models have been used for the calculation of these types of 
energy. The first model (I) with the formal charge is Zr4+ [Si4+o1-], and the two other 
models with the reduced silicon and oxygen charges are : Zr4+ [Si2+Oil.s] (model II) and 
Zr4+ [SioOil] (model III). As the ionicity of the Si-O bond is lower than 100 %, this 
reduction of the formal charges may be considered as a measure of the influence of the 
covalency on the growth rates. 

3.2 chain energies 

There are four different PBCs in the zircon structure. The chain energy is a function of 
the chain configuration which is not always the same, even for the same direction. This 
configuration is also determined by the slice thickness dlokl in which the chain is situated. 
Therefore the chain energies are given for a particular PBC [UVW] situated in one 
specific slice dw ( [UVW]/dILt1 ) and listed in table 2. 

The [loo]/d~ll has the highest energy (-6127 kcal/mol) compared to that of [loo]ldgll 
(-5914 kcal/mol). All other PBCs, e.g. [loo]ldg;l and [loo]ld~ll' have much lower 
energy values. Halving the slice thickness decreases the chain energy as well. In addition, 
the chain energy contribution to the total slice energy is listed in table 2. In all cases this 
contribution is more than 90 percent. 

Another interesting aspect is that sometimes the chain energy is more negative than the 
total slice energy. In that case the contributions of all the other chains except the central 
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Several possibilities/or the slice configuration 0/ dOH as seen in the 
projection parallel to the a-axis. In the boxes below each 
configuration the slice identifier with its attachment energy is 
indicated. 
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PBC is positive, and that means that, within the slice, a repulsive force exists between the 
central PBC and the other chains. The most important examples of such chains are Ph 
lh V2]/ d112 and [100]/d031 • For the latter one the difference between the chain energy 
Ec~31 and the slice energy E,,031 is only 4.5 kcaVmol. Although the chain energy could be 
a measure of the strength of a PBC, it varies so much with its configuration, that a quali
tative classification of the PBCs based on E clt is not very useful. 

3.3 slice energies and attachment energies 

Once the energy of slice (hkl), E"(M/), and the crystal energy, Ec , of a certain compound 
are known, the attachment energy, Ea(ltlcl) of that particular slice need not to be computed 
as these energies are related by eq. (1). Only if the slice is polar the attachment energy 
cannot be computed and must be calculated by subtracting the slice energy from the crys
tal energy. This has been performed for all the polar slices dOll' which will be discussed 
hereafter. Although in all other cases it is not necessary to calculate both the attachment 
energy and the slice energy, they are computed almost always. The constant sum of slice 
energy and attachment energy enables one to check that no significant contributions have 
been neglected either in case of the slice energy by calculating the contributions of PBCs 
at distances of several nm through a power series or in case of the attachment energy by 
not taking into account the contributions of the partial attachment energies of the slices 
Em+1, Em+2.etc. , when the calculated value of Em is less than a minimum value. This 
minimum is normally chosen in the order of a few hundreds of a kcaVmol. See for 
further details Woensdregt (1990). An example of such a calculation is given in in table 
3, which summarizes the partial energies for the calculation of the slice energy E"OllA and 
the attachment energy EaO

llA based on the [100] PBC. The attachment energy converges 
very rapidly, the fourth slice contributes only -0.01 kcaVmol to the attachment energy, 
and therefore the contributions of all layers with slice number m > 4 can be' neglected. 
The effective contributions to the attachment energy are confined to the interaction ener
gies of the growth unit attached to the crystal surface with the underneath part of the 
crystal which is only about 1.8 nm thick, i.e. four slices dOll' There are rather significant 
differences among the contributions to the attachment energy with respect to the ion type. 
The largest contribution to the energy E OllA is made by the zircon ions. To the total a
amount of attachment energies contributed by the zircon ions (-327 kcaVmol) the Zr(4) 
ion alone contributes already -319 kcal/mol. For the purpose of calculation the crystal 
was divided into slices dOll which formed the half crystal by a translation along the posi
tive c axis, see for further details Woensdregt (1990). As the growth of the crystal 
proceeds with the formation of new slices dOll, the Zr(4) ion is the closest Zr ion to the 
surface of the growing crystal (figure 2). Hence the partial attachment energy of Zr(4) is 
much higher than that of Zr(l). The contribution of Zr(4) is also the highest compared 
with those of all other ions, which means that on a flat surface of (Oll)A the probability 
to be attached as the first ion on such a surface is the highest for Zr(4). From that moment 
on, the surface configuration is changed, and no further order of attachment can be 
derived from the calculated partial attachment energies. 
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Projection o/the zircon crystal structure along [Ih 112 112].
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Table 2 

Chain energies in kcaVmol 

[100] / dhJd 

hId 
OUA 

OUB 

022A 

OUB* 
022B* 
OUC 

022c 

Ech 

-6127.3 
-5913.7 
-5701.0 
-5635.5 
-5436.7 
-5382.1 
-5222.2 

Es - Ech / 

0.97 
0.96 
0.97 
0.91 
0.93 
0.97 
1.01 

Es 

020 -6127.3 0.96 
031 -6127.3 1.00 

[Whlh]/dhkJ 

U2 -5392.6 1.02 

Table 3 

Chain energy. Ech• slice energy. Es• partial attachment energies. E",. 
and attachment energy. Ea of slice d~l1' in kcaVmol. 

ion Ech Es E1 E2 E3 E4 Ea 

'h -1500.2 -1746.4 -329.92 2.88 -0.15 -0.01 -327.2 
Si -2329.4 -2427.1 39.82 -0.59 -0.20 -0.02 39.0 
0 -2287.7 -2127.7 -66.05 0.80 0.27 0.02 -64.9 
Total -6U7.3 -6301.2 -356.15 3.09 -0.08 -0.01 -353.1 
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Stereographic projection of zircon in which the PBes and the 
classification of the most prominent crystal forms are indicated. 

3.4 theoretical growthforms 

In the so-called Wulff plot (Wulff,1901) the distance from the central point to a certain 
face (hkl) is taken directly proportional to the absolute value of the attachment energy of 
that face. The innermost closed surface of the three-dimensional Wulff plot represents 
the theoretical growth form. This growth form is constructed only on the basis of the 
attachment energy data calculated in an electrostatic point charge model, and is, there
fore, as reliable as the model represents the reality. Hence the theoretical growth form 
shows the influences of the crystal structure on the growth rates, not taking into account 
the action of impurities, the environmental symmetry, the Born repulsion, and other than 
electrostatic interaction energies. However, by lowering the formal charges the influence 
of the covalency can be estimated. All theoretical growth forms presented in this paper 
have been obtained by using the computer programs CRYSTALFORM and CRYSTAL
DRAW (Strom, 1979). 

The calculated slice, attachment and crystal energies are listed in table 4. The slice and 
attachment energies are not corrected for the Coulomb interactions within the rSi04]4
ion, which is assumed to be one of the crystallizing units. The corrections are for both the 
attachment and slice energy in case of model I (Zr4+si4+o1-) : -3100.7 kcaVmol, and for 
model II (Zr4+Si2+o1.5-): -517.3 kcaVmol, and for model III (Zr4+SiOOll : + 860.5 
kcal/mol. The corrected crystal energies are -3553.7, -3268.1 and -3008.3 kcal/mol for 
model I, II and III, respectively. Only the values of the prism {100} and the dipyramids 
{Oll} and {031} are given for all the models. The attachment energies of all the other 
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Table 4
 

Slice and attachment energies of zircon in kcaVmol.
 

model I : Zr4+Si4+0f 

dhkl E.l) E. Eel) 
020 -6350.0 -304.4 -6654.4 
011A -6301.2 -353.2 -6654.4 
011B -6137.5 -517.1 -6654.6 
022A -5899.4 -755.0 * -6654.4 
011B• -6223.3 -430.7 -6654.0 
022B

• -5850.9 -1193.5 * -6654.4 
011C -5570.0 -1084.1 -6654.1 
022C -5154.2 -1500.2 * -6654.4 
031 -6122.8 -531.5 -6654.3 

112 -5287.9 -1366.2 -6654.1 
model II : Zr"" Si'" 0';';>

020 -3507.7 -277.8 -3785.5 
011A -3430.3 -355.2 -3785.5 
011B -3293.4 -492.3 -3785.7 
022A -3043.6 -741.9 ** -3785.5 
031 -3262.7 -522.7 -3785.4 

model III : Zr4+SiuOJ' 

020 -1911.2 -236.4 -2147.6 
011A -1799.5 -348.1 -2147.6 
011B -449.0-1698.8 -2147.8 
022A -2147.8 
031 

-1444.5 -703.3 *** 
-2147.5 

calculated Ea - Ee - Es - -6<>:>4.4 - l!;s 

-1649.9 -497.6 

"' 
** calculated E" = Ee - Es = -3785.5 - Es 

calculated E" = - = -2147.8 *** Ee Es Es 

1) not corrected for the Coulomb interactions within the [Si04]4- ion 
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slices are too high to be present on the theoretical growth form. The attachment energy 
of (112) in model I (-1366 kcal/mol) is an example of these high values for an S face. 
The slice d CY20 has in all the models the lowest attachment energy. This does not mean 
that all growth forms have a distinct prismatic habit, as the {all} attachment energies 
can have much higher values and still be present as a dominant form (model la, figure 6). 
Such an effect is caused by the geometrical factor (Woensdregt,1982), which is purely 
the geometrical relation of one crystal form to its other neighbours. In figure 6 the 
theoretical growth forms are shown for all models. 

3.4.1 the dipyramid {Oll} 

The slice dOll cannot be drawn unambiguously. The slice configuration with the lowest 
attachment energy (e.g., model I : -353 kcal/mol), called slice d~ll , is shown in figure 1. 
In that case the slice is bounded by Zr ions. The growth models la, IIa and IlIa are based 
on these slice configurations. It is also possible to trace the slice bounded by silicate ions 
the slice dgll configuration (see also figure 1). Both configurations and all the other 
ones based on half slices don which will be discussed later on are summarized in the 
[100] projection of figure 3. The attachment energy of dgll is much higher ( -517 
kcal/mol) than that of slice d~!!. If more than one slice configuration can be drawn, 
which differ from each other in height by submultiples of d"kl ,the growth may also take 
place by elementary growth layers with a thickness of a submultiple of dhk/ as postulated 
by Hartman and Heijnen (1983) and Heijnen (1986). In that case the half slice must be 
an F face as well, which is true for both slices, d~22 and d&2' The half slices d~22 and 
dgn are symmetrically equivalent by the presence of a 21 screw axis and have the same 
attachment energy ( -755 kcal/mol). 

It is also possible to delimit the boundaries of dgll as straigth as those of d~ll . These 
new configurations, dg;1 and d~l1 have also their own half slices, respectively dg~ and 
d~n (see also figure 3). The slice configurations dg;! and d~ll are not very probable as 
they are based on the formation of Si-O bonds during the crystallization. Only if the sili
cate growth units do not consist of [Si04]4- ions, such slice configurations should be con
sidered as alternatives. The attachment energies of both half slices are more negative 
than those of all other half slices as Si-O bonds are broken by the slice boundaries. Since 
the slice energy of any stoichiometric set of Zr, Si and 0 ions can be computed, the 
results must be carefully examined. An unrealistic choice of the growth unit with one or 
more broken Si-O bonds per molecule leads to attachment energies, which are more 
negative than that of the energetically most favourable F slice configuration. Hence other 
slice configurations for the half slice than d~22 are not very likely to have an influence 
on the growth of the face (all). In table 4 all the computed energies for all half slices of 
all models are listed. 

The surface energy of (Olll can be computed by the following equation 
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Theoretical growth forms ofzircon. 
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(1) 

where f (= 695.1904) is a conversion factor in order to obtain the surface energy in 
mJm-z instead of kcal/mol, Zp the number of molecules in the primitive unit cell with 
volwne Vp and E", the partial attachment energy of slice m . 

The surface energy for (OUl amounts to -8277 mJm-z and is defined as all other sur
face energies calculated in the electrostatic point charge models with reference to 
vacuum. The corresponding surface energy with reference to the actual growth medium 
could be in the order of one hundred mJm -z, which is a reasonable value for a slightly 
soluble salt (Sodotdothnel, 1982). For that reason the surface energies with respect to 
the actual growth medium Y~ can be estimated from the corresponding values with 
respect to vacuum (YItk/ ) as follows 

, -z 
YMI :::: 10 Yh/cl (2) 

The same correction factor holds also for the surface energy per mole E;(i) with respect 
to the actual growth medium, that will be computed from the surface energy per mole 
with respect to vacuum, Es(i), as follows: 

, -z
Es(i) = 10 Es(i) (3) 

According to Heijnen (1986) the relative area, Xi, occupied by the N different F 
configurations of (hkl) depends on the surface energy per mole with reference to the 
growth medium via a Boltzmann type of distribution 

[E;(i)]exp -
RT 

(4) 

where RT is equal to 7.25 kJ/mol at 600 C , to 10.6 kJ/mol at 1000° C, and to 12.7 
kJ/mol RT at 1250° C. 

The surface energies per mole for d~ll (Es~W) and dgll (Es~W) are respectively -1467 
and -2073 kJ/mol. Following eqs. (3) and (4) the corresponding areas of (Olll and 
(Oll)B are, respectively 70 and 30 % at 600 °c, 64 and 36 % at 1000 °c and 62 and 38 
% at 1250 0c. At all possible crystallization temperatures of zircon the total area of 
(Oll)B present is sufficiently large enough that the growth of (011) can also take place 
with half slices of thickness dozz. As this half slice has a higher negative attachment 
energy, the growth rate of (011) will increase and, consequently, the growth form will 
change. The growth rate of (011) will be proportional to E}Oll) at the minimum and to 
Ed022) at the maximum. In models la, IIa and IlIa the attachment energies of d~ll have 
been plotted against those of d ozo, while in the models Ib, lib and IIIb the attachment 
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energies of d~22 are used instead of those of dOlI' 

3.4.2 the dipyramid {031} 

The fonn {031} is an S face. For ADP it has, however, such a low attachment energy that 
it could be present on the growth fonn (AguiI6 and Woensdregt, 1987). In that case the 
{031} must obtain an F character through the adsorption of impurities on the slice sur
face, which should provide additional strong bonds parallel to its slice boundaries. 

The {031} of zircon is not present in those models derived from the attachment energies 
E"Ol1. The theoretical growth fonns calculated with E,,022 show only in case that the oxy
gen charge is equal to -2 the fonn {03!} (model Ie). In the model lIb with qeo equal to 
-1.5 the E,,031 is just too high (0.03 kcal/mol) for {031} to be present, and in the model 
IIIb with qeo equal to -1 this difference increases to 0.22 kcaVmoi. These limit values 
which control the presence of the {031} on the growth fonn are obtained from the 
CRYSTALFORM program (Strom,1979). 

3.5 quantitative crystal morphology 

Figure 6 shows very clearly the influence of the different parameters in the point charge 
model calculations on the theoretical growth fonns. The influence of the different slice 
configurations are shown horizontally, and that of the different charge distributions verti
cally. By lowering the charges of silicon and oxygen the habit becomes more prismatic 
following {100}. This effect is even more enhanced, when the attachment energies E,,022 
instead of E"OI1 are used. The S fonn {03!} could be present on model Ib, which is 
presented as the separate Ie theoretical growth model. 

4 Discussion 

4.1 natural zircon morphology 

The relative morphological importance of the crystal fonns of minerals can be estimated 
from their P - and F -values, respectively the Kombinationspersistenz and the Fundort
persistenz (Niggli, 1923). The crystal fonns of the mineral zircon with the highest P- and 
F-values calculated by Hartman (1956) from an inspection of the figures published by 
Goldschmidt (1923) are in order of decreasing P-values as follows: {Oll}, {lOO}, 
{110}, {2I1}, {031}, {ll2}, etc. The first two are F faces, and the other ones S faces. 

Natural zircons show a prismatic habit mostly following {100} and tenninated by {OIl} 
dipyramids. Sometimes they are, however prismatic following {llO} with {O ll} dipy
ramids ( hyacinth habit, Hintze, 1915, p. 1628). In very rare occasions natural zircon 
shows the dipyramidal habit following {OIl} (Azorite habit, according to the description 
by Hintze, 1915, p. 1658). It is not easy to relate the hyacinth habit with a special rock 
type with a characteristic chemistry or crystallization history. Pupin et al. (1978) 
observed that the late overgrowths of hydrozircon rich in radioactive elements are 
prismatic following {lIO} instead of {100}. This habit change could be related with the 
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action of water as has been postulated by Pupin et al. The azorite habit, however, has 
been specially observed in peralkaline rocks (see for a review Floor, 1966, p. 48). Other 
dipyramidal fonns {Okl} with k>l are known, {031} occurs more frequently than 
{051}. Additional fonns such as {1l2}, {12l} may be present as well on natural growth 
fonns. Cesbron et al. (1985) observed, that in the sodium-rich pyroxene syenites of 
Meponda (Mozambique) tabular crystals of zircon with dominant {001} are present. 
Other occurrences of tabular crystals have been reported by these authors, but always in 
alkaline magmatic rocks which are both saturated or supersaturated in SiOz (syenites and 
granites) and hyperalkaline (Na). Characteristic minerals in these rocks are sodic amphi
boles and pyroxenes. Kostov (1973) stated that excess of SiOzlead to crystals, which are 
shorter parallel to [001]. 

Pupin and Turco (1981) summarized the results of the typomorphological study of zircon 
populations in a schematic diagram, in which each type of morphology is characterized 
by two coordinates, the prismatic index T and the pymmidal index A. They observed 
that the morphology depends on the temperature, chemistry and the available water con
tent. The deviations from the theoretical morphology as derived in the present paper, 
which correspond with rather high A and T indices, must be due to external factors, such 
as impurities and supersaturation. The explanation of Pupin and Turco in tenns of chem
istry and water content could be seen as the influence of impurities on the crystal growth, 
while the influence of the temperature must be related with the supersaturation. 

The length/width ratio, also known as the elongation ratio e , which is very often used in 
order to describe the crystal morphology of zircon in igneous and metamorphic rocks can 
also be computed for the different theoretical growth models. They are 1.56, 1.73 and 
1.98, respectively for model la, Ib and Ie, and 3.34, 3.60 and 4.02, respectively for model 
lb, lIb and IIIb. If the elongation ratio is significantly higher than four, the conclusion can 
be drawn, that such needle shaped crystals are due to external conditions, such as a high 
degree of supersaturation. 

4.2 crystal growth experiments 

The morphology of synthetic zircon crystals grown under hydrothennal conditions from 
different types of solutions has been studied by Caruba (1978). The crystals have a dis
tinct prismatic habit, if they grow in solutions that are basic by the presence of alkaline 
components, such as LiC03, LiMo04 and K ZC03• However, crystals grown from acid 
solutions are mainly dipyramidal following {011}, and show in addition {OOl}. If K or 
Na has been added to these acid solutions as an impurity, the crystals show again 
prismatic fonns. 

Caruba et al. (1988) described the crystal growth of zircon when using natural zircons as 
seeds in a sulphatic hydrothennal solution. They observed that the crystallization on 
rOll} is very slow with respect to that on {l00}. As a result the experimental growth 
fonn shows a dipyramidal habit following rOll}, even when the seed material was 
prismatic. 
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4.3 the role ofhydrogen bonds in zircon 

Caruba (1978) and Caruba et al. (1988) explained such habit changes as described in the 
previous section by the replacement of Si04 tetrahedra by F4 and (0H)4 ones. The pres
ence of OH has been proven by means of IR analysis (Caruba et al. ,1985). The substitu
tion of Si04 by (0H)4 or F4 would lead to the destruction of the Zr-Si-Zr PBCs and to 
the creation of Zr-OH-Zr or Zr-F-Zr PBCs. If in such ~ structure of (0H)4 or F4 tetrahe
dra the coordination of Zr has not changed significantly, two Zr-(OH,F)-Zr PBCs could 
be fonned (see also the lower left comer of figure 2), one parallel to <010> : 

Zr(1) -OH,F(1)-Zr(2) -OH,F(2) -Zr(1,OlO) 

and another one parallel to < 1S. Yz 1S. > : 

Zr(1) - OH,F(1)-Zr(2)- OH,F(12)-Zr(3) - (= Zr(1, 1S. ~ lh» 

Our model III calculation with qeSi = 0, is a model of such a structure, as the Si-O 
bonds do not contribute to the Coulomb surface energies as computed in this model. In 

ll I Ethis model lIla the ratio between EaO O
IO increases slightly and the theoretical a

growth fonn becomes even more prismatic. This is also true for the model IIIb calcula
tions. 

The second explanation of Caruba et al. (1988) is that the growth of {Oll} will be 
reduced by the adsorption of protons on the silicate bounded surface of (011) at condi
tions of low pH. So the differences between the surface energy of (Oll)A and (Oll)B 
increase as the pH decreases during the growth. The higher the adsorption the lower the 
probability that {Oil} will be bounded by two different slices which differ just a half 
slice d 022 in height. In that case the growth rate of {Oil} will decrease during the growth, 
which leads to a more dipyrarnidal habit. 

As the computed values of the attachment energies are now known, the following critical 
remarks can be made. Adsorption of the protons will lower the surface energy in such a 
manner that the attachment energy of d 01l will be less negative. The adsorption must 
have such an effect that finally the attachment energy of dgll will be much more less 
negative than that of d~1l . Only then the growth proceeds with a slice thickness of d o1l • 

The adsorption of hydrogens can be translated into a point charge model with lowered 
oxygen charges. The model III( with qeo = 1-) calculations indicate to what extent the 
adsorption effect reaches. This model shows a reduction of the attachment energy of 
dg1l (-449 kcaVmol), but not to a value below that of d~ll (-348 kcaVmol). However, in 
this model III the qesi equals zero, which influences these calculations as well. 

The presence of OH ions could, however, lead to a different interesting aspect. In the 
zircon crystal structure there are four equivalent 0-0 distances of 0.2840 nm, which are 
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short enough to comply with the conditions for a hydrogen bond 0 - H ... O. In the 
{001] projection (figure I) these short 0-0 bonds are drawn for the oxygen 0(3). They 
could provide the additional strong bonds parallel to <110> in order t.o establish the F 
character of {1I0} and to reduce its attachment energy. The same type of bonds could 
also change the character of {OOI}. All four equivalent short 0-0 bonds are drawn in the 
[100] projection (figure 2) for the oxygen 0(3). Hydrogen bonds are much weaker than 
ionic bonds. So the F character of {llO} and of {001} is not so pronounced as the 
genuine F forms {l00} and {all}. 

What are the possible sources for such additional hydrogen bonds? Caruba et al. (1985) 
could experimentally determine that the oxygens are partly replaced by OH in the crystal 
structure of zircon. The adsorption of protons on the surface of the crystal during the 
growth from hydrothermal solutions could lead to the replacement of oxygens by 
hydroxyls. The appearance of {001} as a distinct form on the dipyramidal crystals could 
be caused by the formation of additional strong Zr-OH-Zr bonds. 

Another conclusion may be drawn from the study of the solubility of quartz in supercriti
cal H20 - CO2 and H20 - Ar systems by Walther and Orville (1983). Following these 
authors Si(OH)4 . 2H20 is the dominant aqueous silica species in the. supercritical 
regions of these systems. This silica complex consists of four hydroxyls tetrahedrally 
coordinated to the silicon atom with two water molecules attached by hydrogen bonding. 
Their internal Si - OH and 0 - H ...0 bonds coincide with the bonding scheme of zircon. 
The presence of these uncharged solvated silica species could act as impurities during the 
growth. Once incorporated in a kink site they reduce the growth rate of the slices d 110 

and d OOI as they are neutrally charged. In fact they poison the suitable kink positions 
which especially exist on {OOI} and {llO} as has been shown before. 

Instead of of silica complexes also water molecules could be adsorbed on the surface. In 
that case the hydrogen bonds of the water molecule act in the same way as those of the 
silica complex. 

4.4ADP 

ADP and zircon theoretical growth forms differ from each other by the fact that those 
ADP models based on the dOll dipyramidal growth are almost always dipyramidal. Only 
if the growth of {all} proceeds with slices of thickness d 022 the ADP growth forms are 
prismatic. For zircon the E"Oll / E,,010 ratio is 1.16, 1.28, 1.47, respectively for the 
models la, Ib and Ic. The corresponding values of the ADP models with for both types of 
hydrogen a qeH equal to half the formal one, are 0.55, 0.66 and 0.88 (Aguila and 
Woensdregt, 1987). Only the last ADP model has the form {OlO}. ADP crystals grown 
from an Cr bearing aqueous solution show very often the so-called tapering, which is 
caused by the presence of the S forms lOki) with k >1, in addition to the form {all}. 
The S form {031} of ADP has such a low attachment energy that it could be present on 
the theoretical growth forms. However two conditions must be fulfilled. First the growth 
rate of {031} must be directly proportional to its growth rate, so it must grow as an F 
face. The presence of impurities must implicate the formation of strong bonds parallel to 
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the slice boundaries of {03l} in order to establish the characteristics of an F face, Le. 
being parallel to two different sets of PBCs. Secondly the growth of {OIl} must take 
place via half slices (Aguil6 and Woensdregt, 1987). Tapering of zircon crystals is not 
very common, which is confirmed by the calculations of the attachment energies. Only if 
qeo = -2 the {031} is present (model Ihe). In all other models {031} is absent, although 
only a slight reduction of the attachment energies would lead to the appearance of {03l} 
on the other *.b models. It seems that the hydrogens located in ADP at the boundaries of 
the slice d031 , just situated in between two adjacent PBCs, must reduce the attachment 
energy just enough in order that {031} could be present on so many growth forms. This 
is also corroborated by the fact that on the computed growth models the morphological 
importance is directly proportional with the qeH' In models with a low qeH the {031} is 
absent or strongly reduced, see also figure 3c in the paper by Aguil6 and Woensdregt, 
1987. 

5 Conclusions 

1) In zircon the PBCs are parallel to <100>, < ~ ~ ~ >, <001> and <~, ~, 1 ~ >. The 
only F forms are the prism {100} and the dipyramid {Oil}. 

2) The surface of the prism {l00} consists of the oxygens belonging to the silicate ions. 
The boundary of {OIl} is occupied either by negative silicate ions or by positive zircon 
ions. The form {OIl} can also grow with elementary growth layers with thickness don. 
This enhances the prismatic habit of the theoretical growth forms. On these growth 
models the S form {031} could be present, if the oxygen charge qeo = -2 and additional 
strong bonds are provided by the adsorption of impurities on the surface. 

3)Adsorption of protons, water molecules or silica complexes on the crystal surface of 
zircon during the growth could lead to additional hydrogen bonds parallel to <110>. 
These bonds could change the S character of {ItO} and {001} into that of F faces. 
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CHAPTER 4 

STRUcruRAL MORPHOLOGY OF ANALBITE : 

the influence of the substitution of K by Na on the crystal 
morphology of alkali feldspars 

Abstract 

The habit of the theoretical growth fonn of monoclinic high sanidine (KAISi30 g) calcu
lated from the attachment energies in an electrostatic point charge model is most similar 
to that of the alpine vein potassium feldspar called Adularia. The effect on the crystal 
growth of allcali feldspar due to the substitution of K by Na has been investigated by the 
calculation of the attachment energies of analbite (NaAlSi30 g), which is triclinic with a 
di~rdered AI distribution. The theoretical growth fonn of analbite ~onsists of {lIO}, 
{lIO}, {OOI}, {OlO} and, as additional minor fonns, {021} and {021}. Hence other 
habits than the Adularia type cannot be explained by the crystal structure of disordered 
alkali feldspars. Either ordering of AI during the growth or external factors, such as 
impurities or supersaturation, must be examined as possible habit modifiers. They must 
be responsible for the platy Finisterre, the elongated Baveno or the thick prismatic 
Carlsbad habit of many alkali feldspar crystals. 

1 Introduction 

According to the Hartman-Perdok theory Woensdregt (1982) described the F faces for 
high sanidine, which is the monoclinic high temperature K feldspar with a disordered Al 
distribution. These F faces grow relatively slowly and are much more important for the 
crystal morphology than the S and K faces. High sanidine FI faces, which are at least 
parallel to two Periodic Bond Chain~ (PBCs) cqrnpletely built up from (Si,AI) - ° strong 
bonds, are {1I0}, {OOI}, {OlO}, {ZOI} and {11 I}. F2 faces which are parallel to only 
one of these PBCs and to !!.n other..having both (Si,A!-O) and additional weaker K - ° 
bonds are {l30}, {021}, [221}, [1I2}, {lOO} and {lOI}. The attachment energies of 
these F faces have been calculated in an electrostatic point charge model 
(Woensdregt,1983). Hence the F faces could be classified in order of increasing attach
ment energy, which is supposed to be directly proportional to the growth rate for F faces 
(Hartman and Bennema, 1980). This proportionality enables to construct theoretical 
growth fonns for high sanidine (Woensdregt, 1983). These growth fonns display rather 
simple habits following {llO} with as additional important fonns {OOl} and {OlO}, and 
sometimes subordinate {021}. They are rather similar to that of the Adularia habit type 
(Woensdregt,1982). The other three main habit types, such as the platy Finisterre habit or 
the elongated Baveno type or the thick prismatic Carlsbad habit, cannot be explained by 
these calculations. At high temperatures (> 980 0c) the alkali feldspars fonn a solid 
solution of the endmembers high sanidine (KAISi30 g) and monalbite (NaAISi30 g). In 
the present paper the influence of the substitution of K by Na will be shown through the 
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results of an investigation on the theoretical growth fonn of analbite. Analbite is disor
dered NaAlSi30 g, which inverts on heating to the monoclinic monalbite by means of a 
diffusive transfonnation. The differences between these growth fonns of high sanidine 
and analbite are caused by the replacement of K by Na. 

The unit cell parameters of analbite (NaAlSi30g), compared with those of high sanidine 
(KAlSi30 g) are listed in Table 1. The atomic coordinates can be found in the literature 
indicated in the table's footnotes. The crystal data of analbite have been obtained from 
the Ramona albite specimen which has been inverted from low albite into analbite by 
heating the specimen at a temperature of 1065 ° C for 16 days (Ribbe et. al. , 1969). The 
heated Ramona crystal structure is topochemically monoclinic with an almost com
pletely disordered AI distribution, while its crystal structure is metrically triclinic. Other 
NaAlSi30 g polymorphs are the monoclinic monalbite and triclinic high albite. The 
monalbite with a disordered AI distribution is both metrically and topologically mono
clinic. High albite, which is triclinic with respect to both aspects, represents the partially 

Table 1 

Unit cell constants ofalkali feldspars as used for the calculations in 
the present paper. 

high sanidine 1) analbite 2) 

a (nm) 
b (nm) 
c (nm) 

a (0) 
~ (0) 
Y(0) 

0.85642 
1.30300 
0.71749 

90.000 
115.994 
90.000 

0.8149 
1.2880 
0.7106 

93.367 
116.300 
90.283 

Idealised AI distribution of alkali feldspars 
high sanidine analbite 

tlO 
tIm 
t20 
t2m 

0.25 
0.25 
0.25 
0.25 

0.25 
0.25 
0.25 
0.25 

1) Ribbe (1963) 2) Ribbe et al. (1969) 
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ordered structure at temperatures somewhat below those of analbite. Winter et al. (1979) 
reported triclinic-monoclinic transformation temperatures from 930 0 C to about 1100 0 

C depending on the thermal history of the analbite or high albite crystals. In the present 
study the replacement of K by Na has been studied by comparing the results computed 
in the sanidine model with those obtained in the analbite model. For the model calcula
tion the analbite structure data have been chosen, because they show two aspects which 
are different from those of high sanidine. First the effect of the replacement of K by Na 
(Na-O distances instead of K-O ones) and secondly that of the change of unit cell param
eters due to the monoclinic-triclinic diffusive transformation, while at the same time the 
AI ordering does not change. 

2 Qualitative PBC analysis ofanalbite 

The analbite crystal structure consists of a corner-sharing three-dimensional network of 
(Si,Al~-O tetrahedra. The electrostatic unbalance resulting from the replacement of Si4+ 
by AI + is restored by the incorporation of Na+. A PBC consists of strong bonds in the 
first coordination sphere. For all feldspar polymorphs the strong (Si,AI)-G bonds are lim
ited to the bonds within the (Si,AI)-O tetrahedra. So the number and vectors of the 
strong (Si,Al)-O bonds for analbite are identical to those of high sanidine. Because the 
Na+ ion is smaller than the K+ ion, the monoclinic crystal structure of high sanidine col
lapses and changes into the triclinic analbite structure. In high sanidine the K+ ion is sur
rounded by nine oxygen ions at distances varying from 0.271 to 0.314 nm. In analbite the 
corresponding distances vary from 0.234 to 0.337 run. The largest distance of the OC(O) 
oxygen is at least .02 nm larger than the other ones. The coordination number is minimal 
either six (largest distance of 0.291 nm), or seven (limit distance of 0.313 nm), or maxi
mal even eight (including the oxygen OB(m) with a Na-G distance of 0.317 run). Hence 
the F I forms established for high sanidine, which are only parallel to PBCs consisting of 
strong (Si,AI)-O bonds are also F I forms in the case of analbite. The number of non
equivalent F forms has almost been double!!, as the monoclinic form {hkl} is 
transformed into the triclinic forms {hid} and {hId}. Only the Fzforms, which are paral
lel to one PRC with strong K-O bonds, must be carefully examined, whether the F char
acter is not lost by the reduction of the coordination number. The bonds, which are con
siderably larger than the six shorter ones are the K-OC(O), K-OB(m) and K-OD(m) 
bonds. Woensdregt (1982) listed in his Table 3 the strong bonds determining the Fzchar
acter of the monoclinic feldspars. The presence of only six strong K-O bonds in the tri
clinic analbite structure does not result into the loss of the F character of any of the Fz 
forms as established for high sanidine. 

3 Quantitative PBC analysis of analbite 

The attachment energies of analbite have been calculated in an electrostatic point charge 
model with the formal electric charges (Na+AI3+Sij+oll in the same manner as has 
been performed for high sanidine (Woensdregt. 1971,1983). The attachment energies cal
culated for the most important F faces of analbite have been listed in Table 2. Conse
quently the attachment energies have been plotted in a so-called Wulff plot for which the 
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(b)(a) 

021 

010 
110 110110 110 

(c) (d) 

021 001 
021 

021 
021 

figure 1 

Theoretical growth form of analbite (a) and high sanidine (b) after 
Woensdregt (1983) projected following the standard procedure (line 
of sight parallel to [621J in the Cartesian system, Strom(1979)). In 
(c) and (d) the growth forms of analbite and high sanidine 
respectively, are projected parallel to [001] in the same system. 
Crystal faces, which are too small to be drawn properly, are 
indicated only by their Miller indices ( hid ) 

010 
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Table 2 

Slice energies (Es )' attachment energies (Ell) and crystal energies (Ee ) in kcal/mol for the 
most important slices dltkl of analbite 
(Na+Al3+sij+oll 

(hkJ)/[uvw] dw type Es Ell Ee 

(110)/[001] 
(020)/[100] 
(001)/[100] 
(1!0)/[001] 
(021)/[100] 
(Q21)/[100] 
(201)/[112 1h 1] 

0.6444 
0.6425 
0.6356 
0.6256 
0.4680 
0.4372 
0.4032 

F i 
F i 
F i 
F i 
F2 
F2 
F i 

-12981.7 
-12820.7 
-12851.0 
-12993.7 
-12630.5 
-12645.4 
-12543.7 

-383.0 
-544.0 
-513.6 
-370.9 
-734.0 
-719.2 
-821.2 

-13364.7 
-13364.7 
-13364.6 
-13364.6 
-13364.5 
-13364.6 
-13364.9 

APL programs CRYSTALFORM and CRYSTALDRAW (Strom,1979; see also 
Woensdregt,1983) have been used. The_theoretical growth form obtaine<!Jor analbite 
(Fig. 1) consists of the forms (1l0}, (l1O}, (001}, (OW}, (021} and (021}. The dif
ferent values for (l10} and (l10} reflect the triclinic symmetry, just as those for (021} 
and (021). The last two forms are of lesser morphological importance than the other 
ones. Small deviations from the direct proportionality of the attachment energy to the 
growth rate could be important for those faces which are just not present on the growth 
form. For that reason the hypermorphological index of an F face, that is not present on 
the theoretical growth form, has been introduced (Woensdregt, 1983). This index is equal 
to the minimal decrease in percentage of the attachment energy, Which is necessary for 
that particular form just to be present on the growth form. For (201} this index, which 
can easily be computed from additional data provided by the CRYSTALFORM program 
(Strom, 1979), is as low as two percent. 

4 Discussion and Conclusions 

The differences between the growth form of high sanidine and analbite must be produced 
by the substitution of K by Na and the associated slightly triclinic distortion of the origi
nally monoclinic structure. Consequently the somewhat triclinic development of the 
habit, the morphologically-slightly more important (021} and (021), and the low hyper
morphological index of (201} are due to the presence of Na instead of K in the alkali 
feldpar crystal structure. The F character of the crystal forms of analbite has not changed 
in spite of a possibly lower coordination number of the Na ion. 

No other calculations have been made for analbite, such as in the case of high sanidine 
for lower effective electric charges, and surfaces with a boundary of ordered ions. The 
present results of the calculations in the electrostatic point charge model of analbite show 
that the observed differences between the theoretical growth models of analbite and high 
sanidine cannot explain other habits than the Adularia type from the crystal structure of 
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disordered high-temperature alkali feldspars. Further investigations about the influence of 
the AI ordering during the growth, the role of impurities and the supersaturation must be 
performed in order to explain, why sometimes alkali feldspars grow as platy crystals fol
lowing {OlO} or elongated parallel to [100]. Hydrothermal growth experiments of high 
albite by Franke and Ghobarkar (1980) showed that the tabular growth parallel to {OlO} 
depends on the crystallization temperature and the chemical composition of the fluid 
phase. Because the number of albite twins increases at higher crystallization tempera
tures, the growth rates of all faces increase except that of {O1O}. The increase of growth 
rates is due to the large amount of kink sites at the re-entrant twin boundary angles. 
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CHAPTERS 

ON THE INFLUENCE OF THE AL ORDERING 

ON THE CRYSTAL GROWTH OF POTASSIUM FELDSPARS: 

electrostatic point charge model calculations 

Abstract 

The theoretical growth fonn of monoclinic high sanidine based on the calculations of the 
attachment energies in an electrostatic point charge model shows a rather simple habit. 
This habit, most similar to that of the alpine vein potassium feldspar called adularia, is 
prismatic following {110} with additionally {001} and [OW}. The effect of aluminiwn 
ordering during crystal growth of potassium feldspar, which may influence the habit as 
well, has been studied. The PBC analysis confirms that the transfonnation of the mono
clinic into the triclinic symmetry (fully ordered AI distribution) does not change the F 
character of those F fonns already derived for the monoclinic high sanidine. The attach
ment energies of monoclinic "ordered orthoclase", with a partially ordered AI distribu
tion, and those of low microcline have been computed in an electrostatic point charge 
model. As for F faces the attachment energy is directly proportional to the growth rate, 
three-dimensional theoretical growth fonns can be constructed. The growth fonn of 
o!.dered orthocLase consists of {11O}, {OOI}, {OW} and as additional minor foIT!!.s {021}, 
{201} and {Ill}. The growth fonn of low mic~line is clearly triclinic with {110} more 
important thanJ110}, {021} present, while {021} is absent, and, as minor fonns {OOlJ, 
{OW} and {Ill}. The covalency of the (Si,AI)-O bond can be taken into account in the 
electrostatic point charge model by reduction of the fonnal electric charges. These 
models II calculations show that the habit of the low microcline growth fonn has a !!lore 
monoclinic habit as {02l} is present with an equally important {021} and {11l} is 
absent. The oxygen ions can be ordered on the slice boundaries of d CXll ' d 200 and d202. On 
the surface of d020 both potassium and oxygen ions can be built in orderly. The ordering 
of the boundary ions ~plicate for all models, that besides from {110) (and in case of 
low microcline also {11O}), {O1O} and {OOI} no other fonns are present. An_exception 
must be made for low microcline, which has the minor fonns {Q21} and {Ill} as well. 
For potas..§ium f~dspars with a (partly) ordered AI distribution the presence of the fonns 
{02l}, {201}, {111} is more likely than for the monoclinic sanidine. The adsorption of 
impurities is controlled by the surface structure. Hence the possibility of a habit change 
due to preferential adsorption changing the growth rates of some faces must not be dis
carded. 
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1. Introduction 

1.1 previous work 

The crystal forms of high sanidine, which has a disordered AI distribution, have already 
been classified by Woensdregt (1982) according to the Hartman-Perdok theory into rela
tively slowly growing F faces and into S and K forms, which are not so important for the 
crystal morphology. High sanidine F 1 faces, which are at least parallel to two Periodic 
Bond Chains (p»Cs) coml!!etely built up from (Si,AI) - 0 strong bonds, are {11O}, 
{001}, {OlO}, {201} and {Ill}. F 2 faces which are parallel to only one of these PBCs 
and to an other having both (Si,Al-O) and additional weaker K - 0 bonds are {BO}, 
{021}, {l21}, (i12}, {100} and (10l). Calculation of the attachment energy in an elec
trostatic point charge model (Woensdregt,1983) enables one to classify these F forms in 
order of increasing attachment energy, which is supposed to be directly proportional to 
the growth rate for F faces (Hartman and Bennema 1980). Theoretical growth forms have 
been constructed for high sanidine based on this proportionality (Woensdregt, 1983). 
These growth forms display rather simple habits following [1l0} with as additional 
important forms {OOI} and {O1O}, and sometimes subordinate {02l}. Even taking the 
covalency of the (Si,AI) - 0 bonds and the possibility of an ordered surface structure of 
the elementary growth layer into account , these growth forms do not change at all. An 
alternative distribution of the point charges changes the absolute values of the attachment 
energies, and sometimes also the relative order of magnitude, e.g in case of NH4H2P04 
(ADP), Aguil6 and Woensdregt (1987). In the same manner the ordering of AI during the 
growth could have an effect on the theoretical growth form of potassium feldspar. 
Although most of the potassium feldspars do not crystallize primarily with a completely 
ordered aluminium distribution resulting in a triclinic symmetry, the influence of the AI 
ordering on the growth rates should be investigated. Such a study provides the informa
tion about the effect of this ordering on the growth of more or less ordered potassium 
polymorphs. As the ordering of aluminium is energetically favourable 
(Woensdregt,199Ob) the crystal growth of potassium feldspars near equilibrium condi
tions will be influenced by this ordering. 

1.2 crystal structure ofpotassium feldspar 

The alkali feldspar crystal structure consists of a corner-sharing three-dimensional net
work of (Si,AI)-O tetrahedra. The electrostatic unbalance resulting from the replacement 
of Si4+ by Al3+ will be restored by the incorporation of monovalent cations, such as K+ 
and Na+, which occupy the large cavities in the structure. In the monoclinic high sani
dine the AI is disordered by a randomly distribution over all T1 and T2 sites. In the 
monoclinic ordered orthoclase the AI is concentrated in equal amounts on the T1(0) and 
T1(m) sites, and in triclinic low microcline aU the AI is located in n(O), while T1(m), 
T2(0) and T2(m) are occupied by Si. More details about the energetical implications of 
the Al ordering are given in a separate paper (Woensdregt,1990b). The crystal structure 
of the Himalaya orthoclase (Prince et al. , 1973) is possibly not an example of an ordered 
orthoclase, as it consists of very fine-scale domain-twinned low microcline (Smith and 
Brown, 1988, p. 44). Its crystal structure, however, has been used as its parameters may 
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be considered as the intennediate step in the two-step ordering path. During this type of 
ordering the Al migrates first to both Tl sites in equal amounts and subsequently during 
the second step all the Al will be concentrated on the Tl(O) site. The monoclinic ortho
clase and the triclinic low microcline have been described as low-temperature K 
feldspars, while high sanidine is nearly always of volcanic origin. Most low microclines 
have macroscopically a monoclinic habit, and their triclinic symmetry can only be esta
blished by optical, X-ray diffraction or even transmission-electronmicroscopica1 
methods. Single crystal X-ray diffraction studies of Laves (1950) proved that microcline 
is truly triclinic. The presence of the so called M-twinning, which is a typical cross-hatch 
twinning of multiple albite and pericline twins, is an indication that the monoclinic phase 
is a precursor of the triclinic microcline. The scale of the M-twinning varies from coarse 
to submicrocopical. These submicroscopic twins are only visible on single-crystal X-ray 
diffraction photographs as diffuse streaks centered on the monoclinic diffraction patterns 
and oriented parallel to the pairs of diffraction spots in M-twinned microcline. The M
type twins have not been fonned during the growth of the feldspar crystals, but grow due 
to the inversion of the monoclinic phase into the triclinic one. 

1.3 crystal growth ofpotassiumfeldspar polymorphs 

According to Carpenter and Putnis (1985) there is enough microstructural evidence from 
the existence of postcrystalline ordering transfonnations that nonequilibrium conditions 
prevail during crystal growth. Almost all potassium feldspars crystallize directly with 
monoclinic symmetry, which points to an aluminium disorder. At high temperatures 
stable potassium feldspars must crystallize as monoclinic high sanidine and at low tem
peratures as triclinic low microcline. All other potassium feldspars such as orthoclases 
and intennediate microclines could be considered as metastable phases having a partially 
ordered aluminium distribution. In the next sections examples of feldspars from the 
literature will be given, which illustrate that the AI ordering may occur during the crys
tallization. The present paper shows the effect of the AI ordering on the growth of potas
sium feldspar. Moreover it describes the elementary growth layers called slices, with 
atomic resolution, and presents their calculated attachment energies as a measure of their 
growth rates. 

1.3.1 monoclinic potassiumfeldspars 

Volcanic high sanidine crystals are mostly monoclinic. One exception has been reported 
by Kraft and Propach (1988) on the alkalifeldspars of rhyolitic veins in the Kagenfels 
granite (Vosges, France). The aluminium in these feldspars could have been ordered in 
extremely short time according to their observations. 

Besides the high sanidine of volcanic origin as-grown monoclinic orthoclase crystals are 
known from different locations. Carlsbad twinned crystals from Loket (Elbogen), Kar
lovy Vary Masif, Czechoslovakia, are examQ.les of potassium feldspars with a monoclinic 
habit, and have a low triclinicity (0 (131 - 131) : 0.0 - 0.3, Pivec,1973). The_crystals with 
monoclinic morphology are prismatic and show {lIO}, {OlO}, {OOI} and [201} as dom
inating forms. 
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Other typical examples of monoclinic feldspars are the adularia crystals whjch occur in 
the alpine veins and show a prismatic habit consisting of (110), [001) and (101). These 
monoclinic adularia have sometimes rims of triclinic material, or triclinic regions around 
inclusions, fissures and distorted wnes. This may suggest that the adularia grow pri
marily as a monoclinic phase, and later transformed to triclinic. Chaisson (1950) investi
gated the optical behaviour of adularia. She observed that large crystals exhibit compli
cated optical properties. Small crystals (about 1 to 2 mm large) show a truly monoclinic 
optical behaviour. Crystals larger than 3 mm, however, have an increasingly triclinic op
tical character towards the edges. The boundaries between two sectors with different 
optics were never parallel to the growth features such as crystal faces. Akizuki and 
Sunagawa (1975 and 1978) suggest, however, that the degree of Si,AI ordering is mainly 
controlled by the growth rate, and not by the inversion of monoclinic to triclinic. The 
higher the growth rate the more disordered the adularia should be. Orthoclase crystals 
have been preserved in batholitic granites of Wiborg rapakivi complex (Vorma,1971), 
Caledonian acid plutons (parsons and Boyd, 1971) and in regionally metamorphosed ter
rains (Guidotti et al., 1973). 

The occurrences of orthoclase indicate that the partial ordering of AI could take place 
during the crystallization at temperatures above that of the upper limit of the stability 
field of low microcline. Parsons (1978) states that the metastable persistence of ortho
clase at low temperatures is caused by a purely kinematical effect. In the cooling interval 
in which the microcline becomes stable, fluids controlling the ordering process are not 
available. 

1.3.2 intermediate potassiumfeldspars 

Intermediate microcline crystals grown epitactically on orthoclase from Tavetsch 
(Switzerland) have been studied by Akizuki (1981). These crystals, which consist of well 
developed [l00}, (110), (001) and small (010) as well as occasional [Ol1}, are 
assumed to be formed by a process of partial dissolution of the (001) surface of the ortho
clase host and subsequent crystallization as intermediate microcline. A detailed optical 
microscopical study revealed that the (001) growth sectors are optically monoclinic, 
whereas the (110) growth sectors are triclinic. 

Dal Negro et al. (1978) determined the crystal structure of nine untwinned homogeneous 
potassium feldspars of the Adamello Massif (N. Italy). One of them is structurally 
monoclinic within the achieved accuracy. The AI ordering of this particular potassium 
feldspar approximates rather closely to the two-step ordering path as the AI occupancy of 
the Tsites is as follows: tIO= 0.37, tIm = 0.35, 120= 0.15 and 12m = 0.14. 

1.3.3 low microc/ines 

1.3.3.1 overgrowths on Or-rich feldspars in pegmatites 

Normally single crystals of low microcline are morphologically monoclinic. Only a few 
exceptions to this rule are described in the literature. By means of an optical goniometer 
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study Boggild (1911) established for the first time the triclinic character of a potassium 
feldspar. Tiny crystals (up to a few mm) occur as overgrowths on orthoclase crystals 
from Ivigtut (Greenland). 

Blasi et al. (1984) described overgrowths on amazonite, in the pocket zones of pegma
tites from the Pike's Peak batholith, USA. A film of untwinned low microcline coats the 
(001) face of an amazonititic microcline perthite from a pegmatitic assemblage in the 
Pikes Peak batholite, Colorado, USA. The fully ordered microcline of which the crystal 
structure has been refined, does not show twins or related structures. The microcline 
overgrowth may well have been crystallized from a supercritical aqueous solution below 
the temperature of the monoclinic-triclinic inversion. 

1.3.3.2 authigenic microclines 

Authigenic potassium feldspars can crystallize as primary microclines. They have been 
observed in sedimentary rocks, mostly limestones, dolomites, marls and calcareous sand
stones. These authigenic crystals have a high degree of Al ordering and show a triclinic 
habit as proof of their primary growth (Fiichtbauer, 1950; Baskin,1956; Kastner, 1971). 

Kastner and Siever (1979) have reviewed the occurrence, composition and structural 
state of authigenic potassium feldspars. They describe that in carbonate rocks authigenic 
K feldspars are highly ordered, but not as ordered as microclines in pegmatites. More
over, the crystals having a triclinic morphology do not show cross-hatch twinning. 
Authigenic K feldspars must have grown slowly near equilibrium conditions. 

1.3.3.3 synthetic ordered potassiumfeldspars 

Low microclines have also been reported to be synthesised in laboratory experiments. 
Aluminium and iron hydroxides gels reacting with a supernatant solution containing K 
and Na ions produce potassium feldspar crystals at low temperatures (0. - 80 0 C) with 
either monoclinic or triclinic symmetry (Flehmig, 1977, 1978). The Al ordering is 
favoured by a high alkali/(Hpt ratio, while the presence of Na is essential. 

2 PBC analysis and models 

2.1 qualitative PBC analysis oflow mierocline 

A PBC consists of slrong bonds in the first coordination sphere. For all K feldspar 
polymorphs the strong (Si,AI)-O bonds are limited to the bonds within the (Si,Al)-O 
tetrahedra. Although the bond distance T-0 is a function of the amount of Al present in 
the T site, the number of bonds and their vectors are equal for all K feldspar polymorphs. 
However, the coordination number of potassium, equal to nine for the monoclinic potas
sium feldspar structure, becomes as low as seven for the low microcline structure. Hence 
the FI forms established for high sanidine which are only parallel to PBCs consisting of 
slrong (Si,Al)-O bonds are also FI forms in the case of ordered orthoclase and low 
microcline. The number of non-equivalent F forms has almost been doubled, as the 
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monoclinic form [hkl} is transformed into the triclinic forms {hkl} and {hki }. Only the 
F2 forms, which are parallel to one PBC with strong K-O bonds, must be carefully exam
ined, whether the F character is not lost by the reduction of the coordination number. 
The two bonds, which are considerably larger than the seven shorter ones in the triclinic 
crystal structure are the K - OB(m) and K - OC(m) bonds. Woensdregt (1982) listed in 
his table 3 the strong bonds determining the F2 character of the monoclinic potassium 
feldspars. The presence of only seven strong K- 0 bonds in the triclinic structure does 
not result into the loss of the F character of any of the F2 forms as established for the 
monoclinic potassium feldspars. 

2.2 electrostatic point charge models 

2.2.1 models 

The calculation of the attachment energies has been made in an electrostatic point charge 
model earlier described by Woensdregt (1990a,1983). The unit cell parameters used in 
the ENERGY program (Woensdregt,1971) have been listed in table 1. The atomic coor
dinates can be found in the corresponding literature. As the effect of the AI ordering on 
the growth of the potassium feldspars is to be investigated, the electrostatic point charge 
model calculations are performed for the monoclinic ordered orthoclase (Prince et al., 
1973) and low microcline (Brown and BaileY,1964). These results will be compared 
with those obtained for high sanidine in a previous study (Woensdregt,1983). First the 
attachment energies have been calculated in the models I with the formal electric charges 
(K+AI3+sifOi-). They have been listed in table 4a (low microcline) and 6 (ordered 
orthoclase). 

The covalency of the (Si,AI)-O bonds is not directly taken into account during the calcu
lation of the attachment energies. By the reduction of the formal charges of silicon, 
aluminium and oxygen ions the influence on the covalency of these bonds may be 
included. At the same time it enhances the relative importance of the K-O bonds as the 
effective charge of the K ions is kept constant (high sanidine and ordered orthoclase) or 
slightly reduced (low microcline). ERMO calculations (Gibbs et al. , 1974) show that the 
effective charge of oxygen is about -0.9 ~ -1.1, and those of AI, Si and K, respectively 
- +2, +1.3 ~ +1.6 and +0.8. In our models II the charges of the oxygen ions are always 
chosen equal to -1.0. For high sanidine II model this leads to the following charge distri
bution : K+TJ·7s+Og. In case of low microcune model II the other char~es are chosen as 
close as possible to the ones obtained by the ERMO calculations, i.e. K .9+AI2+Si~·7+0J-·. 

For orthoclase model II the same charge distribution could have been selected. This 
would, however, result into the following charges for the T sites: qeT1(O) = +1.85, 
qeT1(IfI) = +1.85, qeT2(O) = +1.74, and qeT2(IfI) = +1.7. Such a distribution is almost 
equal to the one of high sanidine II and would produce almost identical attachment ener
gies. In the next section it will be shown, that the charge distribution is the most impor
tant factor which controls the differences between the various models, while for 
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Table 1 

Unit cell constants and AI distribution of potassium feldspars used 
for the calculations in the present paper. 

high sanidine 1) ordered orthoclase 2) low microcline 3) 
a (nm) 
b(nm) 
c(nm) 
a (0) 
~ (0) 
,,(0) 

0.85642 
1.30300 
0.71749 

90.000 
115.994 
90.000 

0.85632 
1.2963 
0.72029 

90.000 
116.073 
90.000 

0.8560 
1.2964 
0.7215 

90.605 
115.833 
87.70 

Idealised AI distribution of potassium feldspars 
high sanidine ordered orthoclase low microcline 

tlO 
tIm 
t20 
t2m 

0.25 
0.25 
0.25 
0.25 

0.50 
0.50 
0.00 
0.00 

1.00 
0.00 
0.00 
0.00 

1) Ribbe (1963) 2) Prince te aI. (1973) 3) Brown and Bailey (1964) 

Table 2 

Charge distribution as used in the point charge models I and II 

high sanidine 
model I modelll 

ordered orthoclase 
model I modelll 

low microcline 
model I modelll 

EHMO 1) 
calculations 

K 
Si 
AI 

+1.0 +1.0 +1.0 
+4.0 
+3.0 

+1.0 +1.0 
+4.0 
+3.0 

+0.9 
+1.7 
+2.0 

+0.8 
+1.3 -H1.6 

-+2 

T 
TI 
T2 
0 

+3.75 

-2.0 

+1.75 

-1.0 -2.0 

+1.5 
+2.0 
-1.0 -2.0 -1.0 -0.9 ~-1.1 

TI(O) 
Tl(m) 
T2(0) 
T2(m) 

+3.75 
+3.75 
+3.75 
+3.75 

+1.75 
+1.75 
+1.75 
+1.75 

+3.5 
+3.5 
+4.0 
+4.0 

+1.5 
+1.5 
+2.0 
+2.0 

+3.0 
+4.0 
+4.0 
+4.0 

+2.0 
+1.7 
+1.7 
+1.7 

1) Gibbs et aI. (1974) 
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Table 3 

Influence of the Si,AI ordering and the unit cell geometry on the attachment energies and crystal 
energies of potassium feldspars (in kcaVmol) 

high sanidine "disordered low microcline 
Woensdregt (1983) low microcline" 

- 567.0E(020) 
a - 542.4 - 543.3 

E(OOl) 
a - 511.8 - 510.0 - 502.7 

E c - 13356.6 - 13361.0 - 13490.0 

potassium feldspars a change of unit cell constants hardly alters the calculated energy 
values. The high sanidine model II is obtained from model I by roughly halving the 
charges of the Si-, AI- and O-ions. The same principle leads to an ordered orthoclase 
model II : Ko·9+(Trs-t-rf~208. The selected charges of the different models are listed in 
table 2. The attachment energies obtained in these models II are listed in table 4b (low 
microcline) and table 6 (ordered orthoclase). 

2.2.2 influence of the unit cell geometry 

Besides the degree of AI ordering other parameters change in the series high sanidine 
ordered orthoclase - low microcline as well. Each polymorph has slightly different unit 
cell constants and atomic coordinates. In order to know, to what order of magnitude the 
differences in attachment energy are caused by the Al ordering or by the geometrical 
change in unit cell geometry, the attachment energy has been calculated in a "disordered 
low microcline" model with formal charges. This disordered model is a completely ima
ginary polymorph, because it has the unit cell and atomic parameters of low microcline 
and, at the same time, the disordered Al distribution of high sanidine. In table 5 the 
attachment energies of (020) and (001) for this model are compared with those of high 
sanidine and low microcline. The almost identical values for the high sanidine and 
"disordered low microcline" polymorphs, which both have the same disordered AI distri
bution, show that the influence of the unit cell parameters on the attachment energy, in 
the case of the potassium feldspar models, can almost be ignored. So the differences in 
attachment energy are mainly due to the variations in AI ordering. 

2.2.3 influence of the slice boundary ordering 

The slice boundary of d OO1 ' d 020' dzoo and dZ02 can be chosen either with a disordered or 
an ordered configuration. The ordered configuration has only half of the possible 



71 Al ordering and the growth ofKfeldspars 

Table 4a Slice energies (Es) , attachment energies (EJ and crystal 
energies (Ec) in kcaVmol for the most important slices dllld of low 
microcline, model Ia (KI +Al3+Sifoil 

(hkl)/[uvw] dllld type Es Ea Ec 

Q10)/[001] 0.6736 FI - 13032.8 - 457.1 - 13489.9 
(110)/[OOll 0.6506 FI -13098.6 - 391.4 - 13490.0 
(001)/[100] 0.6494 FI - 12987.3 - 502.7 - 13490.0 
(02Q)/[100] 0.6477 Fi - 12923.0 - 567.0 - 13490.0 
(.!11)/[WhO] 0.5923 F2 - 12889.9 - 600.1 - 13490.0 
(111)/[1/2~0] 0.5800 F2 - 12421.6 -1068.1 - 13489.7 
(0~1)/[100] 0.4603 F2 - 13019.1 - 470.9 - 13490.0 
(021)/[100] 0.4568 F2 - 12621.3 - 868.4 - 13489.7 

(201)/[010] 0.4213 FI - 12725.9 -764.0 - 13489.9 
(l!l)/[WhO] 0.3984 S - 12210.6 -1279.4 - 13490.0 
(111)/[~V2l] 0.3924 S - 12037.1 -1452.9 - 13490.0 
(200)/[010] 0.3849 F2 - 12235.6 -1254.6 - 13490.2 
(1.10)/[001] 0.3831 F2 - 12638.2 - 851.5 - 13489.7 
(30)/[OOU 0.3704 F2 - 12757.2 -732.8 - 13490.0 
(20~/[01O] 0.3286 F2 - 11991.6 -1499.1 - 13490.7 
Q12)/[WhO] 0.3484 F2 - 11383.5 -2106.4 - 13489.9 
(112)/[~~0] 0.3446 F2 - 12239.9 -1249.6 - 13489.5 

Table 4b Attachment energies, Ea , of low microcline 
models IIa and IIb in kcaVmol *). 

hkl model IIa * model IIb ** 
QlO) -86.7 -86.7 
(110) -89.1 -89.1 
(001) -130.2 -93.8 
(02Q) -154.8 -101.6 
Qll) -243.3 -243.3 
(111) -212.9 -212.9 
(0~1) -171.5 -171.5 
(021) -157.1 -157.1 

(201) -254.5 -254.5 
(200) -336.2 -307.8 
(1.10) -179.0 -179.0 
Q30) -169.4 -169.4 
(202) -360.3 -280.7 

* Ec = 3192 kcaVmol 
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boundary sites occupied with ions, the other half being empty. For the disordered situa
tion all the sites have an occupancy of 50 %, i.e the probability that such sites are occu
pied or not, is equal. The former situation can be considered as a completely ordered ion 
distribution, while the latter corresponds to a disordered configuration. 

For the triclinic potassiwn feldspars the oxygens on the slice boundary can be ordered 
following two different schemes, called a and ~, except those of the slice d Z02' The 
selected arrangements are shown in figure I a and b (slice d CYlO), in figure 1 c (slice d OOl), 

and in figure I d (slices dzoo and d 20Z)' When the feldspars are monoclinic the a and ~ 

configurations are equivalent due to the presence of the monoclinic symmetry operators. 
The attachment energies of the a and ~ configurations are listed in table 5. For low 
microcline model I the differences vary from at least in the order of ten percent (do'Ji) to 
about 100 percent (dOOl)' In case of dool (figure 1 c) the ordered oxygen atoms are either 
closer to the Si atom at T1(m), a : Ea = -261 kcal/mol, or to the AI atom at T1(O), ~ : 
Ea = -516 kcaVmol. If the distance between the ion site with the highest charge and the 
ordered oxygen ion decreases, the slice energy increases. At the same time the attach
ment energy decreases as the total sum of both energies equals the crystal energy which 
is constant for one and the same compound (see e.g. Woensdregt,1983). For d CYlO (figure 
1a and b) the ordered oxygen is either closer to the Si atom at T2(m), configuration a, or 
to the Si atom T2(0), configuration ~. The relatively slight difference between the a and 
~ configuration (a: -405 and ~ : -438 kcaVmol) results from the second next tetrahedral 
site T1(m) occupied by Si in the a configuration. or by AI on T1(0) in the ~ 

configuration. The potassium ions can also be ordered. The configuration with the lowest 
negative slice energy, the most stable one, is that with the potassium ions closest to the 
ordered oxygen ions (see also figure 1a and b). The two configurations for dzoo (figure 
Id) have either the ordered oxygens relatively far away from T1(0) and T1(m) occupied 
by, respectively Al and Si (configuration a), or close to them (configuration ~). The slice 
dw. has only one ordered configuration (figure If). For all slices in all models the attach
ment energies of the slices with an ordered surface structure are less negative than the 
corresponding slices with a disordered slice boundary configuration (see also table 5). 

3 Results 

3.1 theoretical growthforms 

The attachment energy of an F face is assumed to be directly proportional to its growth 
rate (Hartman and Bennema, 1980). The attalOhment energies of the crystal faces can be 
plotted three-dimensionally in order to obtain the theoretical growth forms. These growth 
forms consist of F faces only, but not all F faces, however, need to be present. 
Woensdregt (1983) demonstrated, that the presence of an F form is not only controlled by 
a relatively low attachment energy, but also by its geometrical relation to the other F 
forms. In the present paper all growth forms have been constructed using the APL pro
grams CRYSTALFORM and CRYSTALDRAW (Strom, 1979). 

The theoretical growth forms are presented for the models I and II, both divided into the 
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TableS 

Attachment energies of {hid} with ordered surfaces of potassium feldspars (models I) 

{hid} type 
low microcline 

ordered disordered 
ordered orthoclase 

ordered disordered 
high sanidine 1) 

ordered disordered 

{ool} 
a. 

~ 

- 261.4 

-516.2 
- 502.7 -374.0 -488.4 -398.3 -511.8 

{020} 
a. 

~ 

-404.7 

- 438.5 
- 567.0 - 431.1 -567.5 -394.9 -542.4 

{202l -1164.3 - 1499.1 - 1489.8 n.d. -1282.6 -1356.6 

{2oo} 
a. 

~ 

- 992.0 

- 1370.9 
- 1254.6 -1149.2 n.d. -1274.4 -1344.8 

1) Woensdregt (1983) 

Table 6 

Attachment energies of the monoclinic potassium feldspar polymorphs. 

ordered orthoclase I) high sanidine 2) 
hid 'tlodelIa modellb modeliia modeillb modelIa modellb modeilla modelIIb 

{lW} - 423.0 - 423.0 - Il8.1 - 118.1 -368.5 -368.5 -94.2 -94.2 
{OOI} - 488.4 - 374.0 n.d. -87.3 -511.8 -398.3 -128.1 -99.6 
{Q20} -567.5 -431.1 n.d. -124.9 -542.4 -394.9 -168.9 -IlO.6 
{Ill} -817.3 -817.3 n.d. n.d. -912.2 -912.2 -221.4 -221.4 
{Q21} 

I 
-743.6 -743.6 -158.7 -158.7 -744.2 -744.2 -243.0 -243.0 

{201} -750.3 -750.3 -544.6 -544.6 -862.2 -862.2 -223.9 -223.9 

{lll} n.d. n.d. n.d. n.d. -1507.0 -1507.0 -400.6 -400.6 
{200} n.d -Il49.1 n.d. -245.8 -1344.8 -1274.4 -321.0 -303.4 
{l30} -789.9 -789.9 n.d. n.d. -707.4 -707.4 -188.7 -188.7 
{~02} n.d. -1489.8 n.d. n.d. -1356.6 -1282.6 -313.6 -244.7 
{!I2l n.d. n.d. n.d. n.d. -1254.2 -1254.2 -335.0 -335.0 
{221} n.d. n.d. n.d. n.d. -IlI3.8 -IlI3.8 -266.1 -266.1 

-3196 kcal/mol (model II)1) E = -13402 kcaVmol (model I), Eee 

2) Woensdregt (1983) 
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submodels *.a and *.b. In case that a choice could be made between slice boundaries 
with an ordered or disordered configuration, the disordered one is chosen for the submo
dels *.a. In case that there are two differently ordered surfaces with distinct attachment 
energy values the least negative attachment energy has been chosen for the construction 
of the submodels *.b. 

Small deviations of the direct relation between the attachment energy and the growth rate 
could be important for those faces which are just not present on the growth form. For that 
reason the hypermorphological index of an F face not present on the theoretical growth 
form has been introduced (Woensdregt, 1983). This index is equal to the minimal 
decrease in percentage of the attachment energy necessary for that particular form just to 
be present on the growth form. These indices listed in table 7a and b, respectively for all 
models I and II, are easily computed from the additional information provided by the 
APL program CRYSTALFORM (Strom, 1979). Low hypermorphological indices 
(::;10%) do not occur frequently among the feldspar growth models. 

3.1.1 models I a 

The growth forms of the models of type I, with the formal electric charges, are strongly 
dependent on the degree of ordering of the aluminium. When the AI is completely disor
dered the growth form is prismatic following {110}, with additional {OOl} and {OW}, 
whi~ {021} is aln.:!.ost invisible (figure 2a). The partly ordering of Al yields the presence 
of {201} and {Ill} as additional almost invisible crystal forms on the growth form of 
ordered orthoclase (figure 2e). The fairly triclinic growth form of low microcline (figure 
2h) is thick prismatic following {110} and ~ows the influence of the completely ordered 
AI on the crystal morphology. The form {110} is somewhat more important than (110), 
while (001} and (021} are equally important as terminal faces. The form (OW} is not as 
important as on the other theoretical growth models la. The tri~linic character of the 
habit is enhanced by !.he diffe~nce between the.,growth rate of (110 J and that of (11O), 
and the absence of (021} and (111}. The form (201} is absent again. 

3.1.2 models I b 

The effect of the ordering of the surface ions is always the same. The absolute value of 
the attachment energy decreases, and therefore the habit of the growth form may vary as 
these reductions are not necessarily proportional for all slices dM1 • For potassium 
feldspars the surfaces of the slices d OO1 ' dow, d 200 and d W2 could be ordered with respect 
to the oxygen ions. In case of high sanidine this ordering effect is of minor importance 
with the exception of the disappearance of the already minor (021} (see figure 2b and 
Woensdregt, 1983). On ordered orthoclase the orderi.!!g is responsible for the disappear
ance of the almost invisible minor (02l} and (111}(figure 2t). The ordered surface 
model of low microc[ne (figure 2i) shows a less triclinic habi!. as the presence of the 
forms (02l} and (111} is no longer prominent. The form (110} is once again more 
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Table 7a 

Hypermorphological indices of the growth forms of potassium feldspars, models I. 

{hkJ } low microcline 
Ia Ib 

ordered orthoclase 
Ia Ib 

high sanidine I) 
Ia Ib 

{hkl} 

{lID} 

{lID} 

.. 

+ 

.. 

.. .. .. .. .. {lID} 

{021} 

{021} 

-15 

.. 
-46 

0 

0 -23 0 -25 {021 } 

{OOI} + .. .. .. .. .. {OOI } 

{OlD} + .. + .. + .. {OlD} 

{Ill} 

{Ill} 

-28 

+ 

-45 

0 

0 -13 -13 -25 {Ill } 

{130} 

{I30} 

-30 

-25 

-41 

-38 
-28 -38 -26 -38 {130} 

{201} -11 -11 0 0 -7 -15 {WI} 

. {l12} 

{ll2} 

-44 

n.d. 

-61 

n.d. 
n.d. n.d. -41 -51 {l12} 

{IOO} -61 -50 n.d. -57 -68 -66 {IDO} 

{Ill } 

{Ill} 

-55 

-63 

-66 

-73 
n.d. n.d. -65 -69 {Ill} 

{IOI} -49 -43 n.d. -48 -34 -40 {IOl} 

(221 ) 

{221} 

ad. 

n.d. 

n.d. 

n.d. 
n.d. n.d.. -39 -45 (lll} 

.. important 
n.d. not determined + present 
I) Vfoensdregt(1983) o minor 
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Table7b 

Hypennorphological indices of the growth fonns of potassium feldspars, models II. 

{hkl } low rnicrocline 
ITa lIb 

ordered orthoclase 
lIb 

high sanidine t) 
ITa lIb 

{hkl} 

{IIO} 

{llO} 

.. 

.. 
.. 
.. .. .. .. {1l0} 

{ol1} 

{ool} 

.. 

.. 
-12 

-19 
-5 -14 -39 {OO1 } 

{ool} .. .. .. .. .. {ool } 

{OtO} 0 .. .. 0 .. {OtO} 

{Ill } 

{Ill} 

-8 

-20 

-23 

-33 
n.d. -to -22 (Ill ) 

{130} 

{130} 

-21 

-18 

-39 

-36 
n.d. -20 -37 {l30} 

{201} -23 -32 -62 -9 -17 {201} 

{l12} 

{I12} 

n.d. 

n.d. 

n.d. 

n.d. 
n.d. -44 -53 {I12} 

{tOO} -70 -67 -44 -66 -64 Iloo} 

{Ill } 

{III} 

n.d. 

n.d. 

n.d. 

n.d. 
n.d. -66 -71 {Ill } 

{lOl} -39 -35 n.d. -29 -20 {lOl} 

1221} 

{221} 

n.d. 

n.d. 

n.d. 

n.d. 
n.d. -36 -42 Illl} 

.. important 
n.d. not determined + present 
1) Woensdregt (1983) o mmor 
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pronounced than the {l1O}, while {DO I} is the only dominant tenninal fonn. 

3.1.3 models IIa 

The effect on the morphology of the growth fonns of high sanidine with disordered sur
face ions (model IIa, figure 2c) is the disappearance of the fonn {021} and the reduction 
in size of {OW}, while {lIO} is even more pronounced than in the previously discussed 
models. For low microcline the effect is m...!Ich larger. The triclinic character is no longer 
clearly visible as both fonns {02l} and {02l} are present (figure 2j)~Because the attach
ment energy of {11O} is now even less negative than that of {11O}, both fonns are 
equally impo~t for the morphology. The latter is now even smaller than the fonner. 
The fonn {Ill} is absent. 

3.1.4 models lIb 

Both effects, reduction of the effective charges and ordering of the oxygen surface 
configuration (model lIb), lead for all polymorphs to simple crystals (figure 2d, 2g and 
2k, respectively for high sanidine, ordered orthoclase and low microcline) prismatic fol
lowing {lID}, with {OlD} and {OOl} as additional faces. 

4 Discussion 

4.1 atomic structure of the crystalline interfaces 

The Hartman-Perdok theory provides theoretical growth models which can be compared 
with crystal morphologies observed in nature or obtained during crystal growth experi
ments in laboratory. Moreover the surface configuration of the crystalline interface can 
be derived with atomic precision. During crystal growth this interface is in direct contact 
with the aqueous solution (or in case of pegmatitic feldspars with the supercritical fluid 
phase) from which the crystals grow. This process of crystal growth cannot be under
stood properly without a thorough knowledge of the crystalline structure of the inter
face. Adsorption of impurities, surface diffusion, attachment of growth units, etc. will 
depend on these characteristics. Therefore a short description of the surface 
configurations of the most important crystal fonns will be given. 

Woensdregt (199Oc) demonstrated that adsorption of silica complexes could be possible 
on the growing crystal faces of zircon (ZrSi04). The presence of these complexes on kink 
sites would reduce the growth rate and lead to the increase of morphological importance 
of those faces. These complexes are bonded to the surface by hydrogen bonds 
o - H...O which are fonned in between two oxygens at a relatively short distance « 0.3 
nm). For the potassium feldspars these relatively short distances between oxygens not 
belonging to the same tetrahedron do not exist. Hence this type of adsorption is not very 
likely to happen for potassium feldspars. On the other hand slices with dangling bonds 
such as ... - 0 - -Si - or '" Si - 0 - could react with water molecules under 
hydrothennal conditions. Consequently the outennost boundary of such slices could be 
partly occupied by silanol groups. The influence of other impurities must be studied in 
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detail. 

For the slices parallel to [100] the surface topology is given in figure 3a. The outennost 
boundary of d 020 is occupied by potassium and oxygen ions and at a lower level 1'2 ions 
are present. The outer surface of the slice dciil is bounded by n(m) and T2(m) ions, that 
of dozl by n(O) and T2(0) ions. At the boundary of dex)l only oxygen ions are present, 
and at a lower level potassium and n ions. Half of the T I sites are occupied by AI in the 
ordered orthoclase structure (fl(O) and n(m». For low microcline only the n(O) site is 
completely occupied by AI. High sanidine has a disordered AI distribution, only 25 per
cent of the n(O), n(m), T2(0) and T2(m) sites are occupied by AI. For that reason the 
attachment energy of the slice d021 and dciil of all polymorphs with an ordered AI 
configuration is strongly affected by small differences in the Al ordering. In case of low 
microcline the boundary of d 021 is occupied by both Si and AI, that of dciil by Si only. 
For the monoclinic polymorphs such as ordered orthoclase and high sanidine this aniso
tropy does not exist. The anisotropy is not limited to the growth rates, but extends to 
other factors related with the crystalline interface structure, such as diffusion lengths of 
adsorbed particles, and becomes larger as the AI ordering increases. 

Impurities which could replace the monovalent K ions, such as NHt, Rb+, Na+, etc. or 
even Caz+ could have a stronger effect on the growth rate of (010) than on other faces as 
their adsorption takes preferentially place on this surface. 

When the AI ordering is complete, the slice d 110 is no longer equivalent with the slice 
d 110' This could be explained by a projection parallel to [001] (figure 3b). Closest to the 
slice boundaries of d 110 are the 1'2(0) ions, and to those of d 110 are the T2(m) ones. Vari
ations in attachment energies cannot be explained simply in tenns of boundary ion 
configurations. The slice d 110 has the lowest negative attachment energy in model I, and 
in model IIa it is just the slice d 110' 

The surface topology of the slices parallel to [010] are drawn in figure 3c. Besides the 
already mentioned slices d OOl three other slices (d2in' d202 and dzoo) with distinct surface 
configurations are present. The outer boundary of d201 is occupied by potassium and 
oxygen ions. With respect to the nature of the surface ions the surface structure of d 201 is 
rather similar to that of d020' At the surface of d wz oxygen ions are present, and at a 
somewhat lower level K, 1'2(0) and T2(m) ions. The dzoo surface is occupied by OA1, 
n(O) and n(m) ions. 

4.2 crystal morphology 

4.2.1 crystal forms parallel to [OOlJ 

The theoretical crystal morphology as obtained from the electrostatic point charge model 
calculations indicate that the prismatic {11O} habit is always conserved. Changes of the 
effective charges and the possibility of ordering of the oxygen ions on the slice surfaces 
d OOl , d020, dzoo and dzcii does not affect the relative morphological importance of {1I0}, 
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which remains the most prominent crystal form. In the triclini~models {l1O} and {l10} 
are very sensitive to the effective charges. In the model.! {1I0} is the most important 
form, while in model II {1I0} is almost as important as {1I0}. The other F form {130}is 
never present on the theoretical growth model. It has a high hypermorphological index in 
all models. 

4.2.2 crystal forms parallel to [0101 

The f0f!!l fOOl} i~the only form parallel to [010], which is present in all models. The 
forms {20l} and {WI} so often present on natural crystals, are F forms, but their relative 
growth rates are in many cases too high to allow them to be present on the theo~cal 

forms. For ordered orthoclase models la and Ib the presence of the F 2 form {20ll is 
limited to a hardly visible form. The hypermOIphological indice~ are relatively low in all 
models compared with those for the F2 form {WI}. The form {20l} could be preseEt in 
all models, if the attachment energy would be reduced slightly (table 7). The {WI} 
attachment energy is at least 30 percent too high to admit this form to any growth form. 
The growth rate of {OOl} controls the elongation parallel to the c axis of the ppsmatic 
crystals. Lower values mean a shorter prismatic habit. The appearance of {l0!} on 
potassium feldspar crystals must be induced by factors other than those related with the 
crystal structure, such as the presence of impurities or supersaturation. 

4.2.3 crystal forms parallel to [l001 

The form {OW} is variable in size. Only in high sanidine model IIa and low microcline 
m~els IIa is {OW} almost absent. In low microcline la only {02l} is present, while 
{02l} is absent Reduction of the effective charges for low microcline (mod~ IIa) 
decreases slightly the morphological importance of {02l} and increases that of {02l} to 
such an extent that it is even larger than {02l}. Ordering of the oxygen atoms on the sur
face of the slife, has, however, a negative effect on the morphological importance of both 
{02l} and {02l}. The morphological importance of {OOl} has already been described in 
section 4.2.2 

4.2.4 crystal forms parallel to < Ih1J20 > 

The only other form pr~sent parallel to <lh1J20> besides {OOl} and {11O} on the theoreti
cal growth form is {Ill}. Its presence is limited to the low misrocline models la and Ib, 
and almost invisible on ordered orthoclase la. The F form {112} has too high hypermor
phological indices in all models (table 7). 

5 Conclusions 

The theoretical growth forms of potassium feldspar polymorphs show rather simple 
habits compared with those observed in nature and in laboratory experiments. The 
influence of the crystal structure on the crystal morphology, which is responsible for the 
prismatic habit following {1I0} with the additional form~ {OW} and_fOOl}, is 
evident.The process of Al ordering can explain that {02l}, {20 l} and {lIl} become 
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morphologically mor~important. The effect of covalency could enhance the morphologi
cal importance of {021} of low microcline, but decreases that of {OIO} in all models. 
Ordering of the boundary ions of the slices d o2o, d OOlo d 200 and d202' hardly changes the 
habit of the high sanidin~ and ordered orthoclase models. The effect on low microcline 
is such that {021} and {III} disappear in model I almost and in model II completely. 
Detailed study of the crystalline interface at atomic resolution reveals that the structure of 
the outermost boundary varies strongly. This boundary controls processes such as sur
face diffusion and the incorporation of impurities. 
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CHAPTER 6 

ELECTROSTATIC LATIICE-SITE ENERGIES 

OF ALKALI FELDSPARS 

IN RELAnON WITH SI,AL ORDERING 

Abstract 

In electrostatic point charge models with fonnal charges, lattice-site energies and crystal 
energies have been calculated for alkali feldspars with different degrees of Si,AI order
ing. In sequence of increasing AI ordering, i.e. high sanidine-ordered orthoclase-low 
microcline, the crystal energies become more negative. The differences in crystal energy 
between the various polymorphs is a measure of the energy needed for the AI ordering. 
This ordering energy amounts to -134 kcaVmol, being the difference between an ordered 
and a disordered potassium feldspar. In a point charge model with lowered charges 
(Kl-t<y1.7S+0g) this energy decreases to 25 kcal/mol. Lattice-site energies are calculated 
for all ion sites of high sanidine, ordered orthoclase, low microcline and analbite. During 
the two-step ordering the AI concentrates first on both T1 sites. The lattice-site energy of 
the T1(0) site is almost linearly correlated with the degree of Al ordering. For ordered 
orthoclase the T2lattice-site energy has almost the same low value as the T1(m) and both 
T2 sites of low microcline. In addition, the lattice-site energies have been computed in 
three differently ordered hypothetical models, respectively with AI concentrated on 
T1(m), T2(0) and T2(m), and in a fourth model, also hypothetical, with disordered AI 
and the unit cell geometry of low microcline. The calculations show, that the occupation 
of a T site by AI instead of Si results in a lattice-site energy, which is about 400 kcal/mol 
less negative due to the larger T-0 distances. The application of this geometrical correc
tion factor to the four above mentioned models reveals, that the AI must be ordered on 
the T1(0) site, as the lowest negative lattice-site energy is obtained when Al is concen
trated on that site. Lattice-site energies and crystal energy of analbite do not differ much 
from those of high sanidine. In contrast with a change in the charge distribution due to 
lhe AI ordering the crystal energies do not change significantly by the replacement of 
potassium by sodium atoms. 

1. Introduction 

1.1 purpose 

The calculation of attachment energies of potassium feldspars in electrostatic point 
charge models (Woensdregt,1983) can also easily provide the lattice site potentials. 
These lattice-site potentials are even more specific about the Si,AI ordering in the alkali 
feldspars than the crystal energies. The electrostatic point charge model calculations 
only take into account the Coulomb interaction energy, and are based on a completely 
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ionic character of the bonds in the crystal structure. The neglection of Born repulsion 
will, however, have only an effect on the absolute values of the calculated energies. By 
adjusting the effective charges the ionic approach may implicate other than ionic attrac
tive interactions. In the first part of the present paper the method will be discribed, which 
has been used for the calculation of the lattice-site energies and crystal energies, and sub
sequently the computed energies of alkali feldspars with different degrees of Si,AI order
ing wi! be discussed as a function of that ordering. 

1.2 previous work 

The first electrostatic lattice-site potentials of feldspars (albite and microcline) were pub
lished by Raymond (1971). In a short note Woensdregt (1976) reported feldspar lattice 
potentials as a function of aluminium ordering in an electrostatic point charge model with 
an empirically established correction formula. Brown and Fenn (1979) tried to explain 
the "split alkali" models for albite and intermediate KINa feldspars on the basis of com
puted electrostatic crystal energies, which they prefer to call structure energies. These 
calculations enable to establish the relative order of stability for the alkali feldspars with 
different KINa contents and degrees of Si,AI ordering. According to these calculations 
the position of the Na ions in albite is determined by the Si,Al ordering. For these calcu
lations they used the Bertaut (1952) method, which carries out the summation in Fourier 
space on basis of a spherical charge density function. 

Pannetier (1980) described that the ordering of Si,AI in KAISi30 g polymorphs produces 
only a slight change in electrostatic crystal energies. He stated also, illustrated by a 
graphical representation of the lattice-site potential data, that the diffusion of Si and AI 
during the ordering process would involve very high activation energies. Post and Burn
ham (1987) carried out structure energy calculations in static minimum-energy ionic 
models of low and high albite using modified electron-gas (MEG) short-range energy 
terms. Following these calculations the aluminium in low albite favours the Tl(O) site by 
only one kcaVmol. Recently Scambos et al. (1987) refined the crystal structure of a high 
sanidine from a coesite-sanidine grospydite nodule from a South African kimberlite. 
According to this refinement the upper mantle high sanidine shows a highly disordered 
AI distribution. Madelung site energies indicate that the Tl(O) site is slightly preferred by 
the AI above the T1(m) one. 

2. Method 

2.1 lattice-site potentials 

Attachment energies have been computed for high sanidine (Woensdregt, 1983) in order 
to derive the theoretical growth rates of the most important crystal faces of potassium 
feldspar. The attachment energy, E,. , is the energy released per mole when a new slice 
with thickness dhkJ crystallizes on an already existing crystal face (hkl). For the calcula
tion of this attachment energy elementary growth layers, called slices, with a thickness of 
dw are defined, which contain at least one Periodic Bond Chain (pBC, Hartman,1956). 
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The slice energy of (hId). E$' which is half the energy released when a slice of a thick
ness of dw thick is fonned. can also be defined. Both energies are related to the crystal 
energy. E • by the following equation: c 

(1) 

The crystal energy E equals the evaporation energy or the sublimation energy. when c 
crystallization takes place from the vapour phase. The crystal energy is also identical to 
the static cohesive energy which corresponds to the work necessary to separate the con
stituent atoms in a crystal structure to infinity (Burnham. I985). 

The ENERGY program (Woensdregt. 1971) calculates both the attachment energy and 
the slice energy in an electrostatic point charge model. In order to obtain the attachment 
energy the program computes the partial attachment energy for each ion i of the elemen
tary growth unit with respect to slice m •E:"". where I ~ m < 00. Slices are elementary 
growth layers of the crystal face with Miller indices (hId) and a thickness of dw (see 
also figure la). The total partial attachment energy of ion i. E~. can be defined as fol
lows: 

(2) 
",=1 

Thus the attachment energy of slice dw . E~W). is the summation over all N ions i 
belonging to the elementary growth unit 

N 
Ea(W) = ~ E~ (3) 

;=1 

The partial attachment energy of ion i. E~. can also be used to calculate the ion lattice
site energy. The ion lattice-site energy of ion i situated in point P •E: (see also figure I). 
is given by the following equation: 

+00 •

E: = E; + ~ E:"" + ~ (4) 
",=1 m=-1 

where E; is the energy of ion i within the zeroth slice. 

If there exists a point Q symmetrically equivalent with the other point P by the action of 
a symmetry centre or a two-fold axis parallel to the slice surface. the slice energies of P 
and Q are identical. In figure I it is obvious that the attachment energy of P. E!. with 
respect to the slices with m =-I. -2. -3•........• - 00 is identical to the attachment energy 
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Figure 1 

(a) Schematic [100] projection of the feldspar crystal structure. The 
slices d001 are numbered from -1 till +3. The points P and Q are 
symmetrically equivalent through the action of a symmetry centre. 
The elementary growth unit is indicated with hatched lines. 
Indicated by arrows are the partial energies of point p. E!".. for 
m = -1,1,2,3 • and that of point Q. E~m ,for m = -1,1,2,3 . The 
following partial energies are identical: E:1 == E~l' E:2 == E~2' 
etc. For further explanation see text. 

(b) Enlargement of a section offigure la. Each symbol represents a 
row of equally spaced ions (periodicity 8.5642 nm) perpendicular to 
the plane ofpaper 
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of Q, E~, with respect to the slices with m =1,2,3, , 00. 

In case an equivalent point Q is present equation (4) can be rewritten as: 

(5) 

Hence instead of calculating both attachment energies for point P the already known par
tial attachment energy of Q, E~, is used which has already been computed for the attach
ment energy of slice dw . 

The crystal energy, Ee ' equals the summation over all N lattice-site energies, E:, which 
must be divided by a factor of two : 

N 

1121: E: (6) 
i=1 

For the lattice site-potential, Vi, the energy must be divided by the charge qi e of that par
ticular site according to 

(7) 

2.2. point charge model 

Slice energies and attachment energies of crystal faces of ionic crystals can be calculated 
in a point charge model by applying the Madelung (1918) formula. In this model the 
crystal structure has been divided into collinear rows of point charges, each of which is 
going through an ion site. Such a row consists of 2N equally spaced point charges qie , 
with a periodicity p, and is parallel to [U 1VI W d. Conveniently the PBC vector and its 
veriodicity are chosen for respectively [U 1V 1W 1] and p. The number of rows can be lim
ited to the numher of ions belonging to the PBe. An other translation, [U zVzWzl, defines 
the elementary growth layer dlllcl , called slice, according to 
(hJd) = [U 1V 1Wd x [UzVzWzl. A third translation [U 3V 3W 3] translates the slice dhlc1 
into a half crystal. An example of such a data set is given in figure 1, in which the [100] 
projection of the high sanidine crystal structure is given. The translation 
[U 1V 1Wd x [UzVzWzl = [100] x [WhO] = (001), while the translation over n 
(n = 1,2,3,4,.....n) times [001] completes the half crystal. Due to the C centering of the 
unit cell the PBC contains only two molecules, i.e. half the unit cell volume, and there
fore the number of rows is limited to 26 (2 K, 8 T and 16 0 rows) of point charges 
equally spaced with a period of 0.85642 nm (the period of [100]). The potential in any 
point P induced by a row of equally spaced point charges can be obtained by applying 
the formula of Madelung (1918). For that particular point the summation over all the 
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potentials induced by all rows of point charge present in the whole crystal produces the 
potential in that particular point. If such a point is occupied by a point charge with a 
charge of qje, the potential multiplied with that charge gives us the lattice site energy of 
that particular ion. The lattice-site energies calculated according to this method are not 
consistent, if they are derived from partial attachment energies calculated for different 
dw configurations. Calculations on basis of one specific dw yields always the same 
lattice-site energies independent from the selected [VI VIW 1] translation. 
Hartman(1978a) found empirically that the following dw dependent correction for the 
lattice-site potential of ion i , V:orr , must be made: 

(8) 

where qje is the charge on ion i, with fractional coordinates (xj]j.Zj) at a distance 
lj = (!lx j + Icyj + lZj) dw to the plane (hId) in which P is situated, N the number of 
ions that belong to the same elementary growth unit with volume V. The factor 'I:.qjel? 
has the same value for all ions within one specific dhkl as it is independent of the choice 
of the origin of the coordinate axes. It can easily be calculated if the attachment energies 
of slices, such as d OOl or d020 , in case of high sanidine, are used. In case of the calcula
tions of the lattice-site energy from the partial attachment energies the equation (5) must 
be redefined as follows: 

E p EP E P vP 
c tJ -- s + tJ + EQ + qp e corr (9) 

Later Hartman (1982) proved that the correction for the total crystal energy, Ec ' can be 
formulated as 

(10) 

The term 'I:.qj elj equals the dipole moment Il per formula unit of the slice dhkl • Hence the 
correction, Ecorr ' is due to the double limit to 00, one parallel to the slice, and the other 
one perpendicular to it. 

2.3 feldspar structure 

The feldspar structure consists of a three-dimensional framework of comer sharing T04 
tetrahedra. The centres of these tetrahedra are occupied by silicon ions, which are partly 
replaced by AI. In case of alkali feldspars each fourth Si ion is replaced by AI, while the 
K or Na ion occupying the cavities within the tetrahedral framework restore the elec
troneutrality. In triclinic alkali feldspars four non-equivalent T sites, i.e Tl(O), Tl(m), 
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1'2(0) and T2(m) are present with the corresponding AI occuPancies (Kroll,1971) tlO, 
tim, ao and am. These four different T sites reduce to only two sites T1 and 1'2 with tl 
and a AI occupancy for monoclinic alkali feldspars. At high temperatures the potassium 
polymorph (high sanidine) and the sodium one (monalbite) have a disordered AI distribu
tion, while at lower temperatures low microcline and low albite are disordered with 
respect to the AI distribution. 

In the disordered alkali feldspars the AI is randomly distributed in equal amounts over all 
T sites, with an occupancy (on the average) of each site that equals 0.25. The ordering 
of the AI can take place by either a one-step or a two-step ordering mechanism. In the 
former case the AI moves to the TI(O) siJ.e equally from the T1(m), 1'2(0) and 1'2(m) 
ones, resulting in a triclinic symmetry (CI), with all the AI concentrated on the T1(0) 
site. During the two-step ordering process first the AI ions migrate at equal amounts into 
both T1(0) and T1(m) sites, without changing the topological monoclinic character of the 
crystal structure. Subsequently, during the second step, all AI of T1(m) migrates to 
T1(0), and the monoclinic low sanidine is transformed into a triclinic maximum (or low) 
microcline. In other words, during the one-step ordering the monoclinic high sanidine is 
directly transformed into the triclinic low microcline, while, in case of the two-step ord
ering process, this transformation takes place via an intennediate polymorph of 
KAISi30 g, the monoclinic low sanidine. 

Prince et. al. (1973) studied a gem quality overgrowth on a perthitic feldspar (Himalaya 
mine, California). Their neutron diffractometer data have been interpreted assuming a 
monoclinic C2/m symmetry, with all the AI equally distributed among the T1(0) and 
T1(m) sites. They claimed that this "ordered orthoclase" structure represents an inter
mediate phase between the ordered low microcline and the disordered high sanidine, The 
AI occupancies are the following, t10 = tlm =0.43 and ao =am =0.03. The "ordered 
orthoclase" crystal structure data have been selected for the electrostatic point charge 
model calculations in order to investigate the influence of the two-step ordering on the 
growth of potassium feldspars. Smith and Brown (1988, p. 44), however, are of opinion 
that both optic and X-ray investigations indicate that this Himalaya orthoclase is in fact a 
domain-twinned low microcline with such a coherence that the physical properties are 
pseudomonoclinic. This is not so relevant for the model calculations, as the influence of 
the unit cell geometry and of the exact locations of the ions can be neglected in com
parison with that of the charge distribution. In fact, the crystal structure data of any 
monoclinic potassium feldspar with tlO=tlm=O.5 could have been chosen. 

The crystal structures of nine untwinned homogeneous potassium feldspars of the 
Adamello Massif (N. Italy) have been determined by Dal Negro et al. (1978). One of 
them is structurally monoclinic to within the accuracy achieved, having t10 = 0.37, 
tIm =0.35, ao =0.15 and am =0.14. The AI occupancies of the "ordered orthoclase" 
and the monoclinic Adamello Massif potassium feldspar may give evidence of the fact 
that the AI ordering of this particular potassium feldspar approximates rather closely the 
two-step ordering path. 
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Even, if the Himalaya orthoclase and the Adamello Massif monoclinic feldspars are not 
examples of such an ordered orthoclase polymorph, the calculations of the lattice
potentials and crystal energies on the basis of its crystal structure data may reveal if such 
a structure is, on the basis of energy arguments, a really possible intermediate phase. 

The pure Na-endmember analbite is truly triclinic (Cl), but has a Si,Al distribution of 
high sanidine. Although the Al distribution is topochemically monoclinic, the crystal 
structure collapses around the smaller atom of Na having a radius of 0.10 nm in com
parison to that of K (::: 0.13 nm), and becomes triclinic. At higher temperature (> 980 C) 
the size of the highly anisotropic Na ion increases due to the thermal vibration, and the 
analbite inverts to monoclinic monalbite by a simple displacive transformation (without 
changing the Al distribution). The low albite polymorph is triclinic, and has an ordered 
Si,Al distribution, with all Al concentrated on T1(0). 

High albite is a highly disordered Na feldspar in which the Al distribution is topochemi
cally triclinic, and can invert to monalbite by a diffusive transformation involving the 
equilization of the tIO, tIm, t20 and t2m values. 

In order to obtain more information about the influence of the Coulomb energy on the 
Si,Al ordering the electrostatic site potentials have been calculated in point charge 
models of high sanidine, ordered orthoclase and low microcline. The atomic coordinates 
of well refined alkali feldspar structures, i.e. high sanidine (Ribbe,1963), ordered ortho
clase (Prince et al.,1973), maximum microcline (Brown and Bailey, 1964) and analbite 
(Ribbe et al., 1969) have been used. The charges of the T (=Si,Al) sites are calculated as 
the average of the formal Al and Si charges, weighted by the tetrahedral site occupancies 
as given in table 1. These values are the published ones normalized to values as close as 
possible to multiples of 1/4. 

Table 1 

Crystal energies, Ee , of alkali feldspars in kcal/mol 

AI occupancy 
Crystal structure 

tlO tIm t20 t2m 
present 
paper 

Brown & Fenn 
(1979) 

Raymond 
(1971) 

Scarnbos et al. 
(1987) 

high sanidine 
ordered orthoclase 

0.25 
0.50 

0.25 
0.50 

0.25 
0.00 

0.25 
0.00 

-13357 
-13402 

-13369 
-13411 

-13482 -13368 

maximum microcline 
analbite 

1.00 
0.25 

0.00 
0.25 

0.00 
0.25 

0.00 
0.25 

-13490 
-13365 

-13503 
-13376 
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3 Results 

3.1 crystal energies 

The calculated crystal energies, listed in table 1 vary from -13357 (disordered high sani
dine) till -13490 IccaVmol (completely ordered low microcline). The most stable potas
sium feldspar is low microcline, which fact is evident from the crystal energy, that is the 
largest negative one of all polymorphs. The smallest negative value is that of high sani
dine, and ordered orthoclase has an intermediate value. So the expected order of increas
ing stability due to the Si,AI ordering is reflected by the crystal energy values. The crystal 
energy of analbite is with -13365 Iccal/mol of the same order as that of high sanidine. 
The difference in crystal energies (dJ,l°rrl) between the various polymorphs is caused by 
the different degree of aluminium ordering following the expression 

d J,l0rd - EorrJI _ EorrJI1 (11)- c c 

where E~rdX is the crystal energy of a polymorph with an ordering state X. 

In table 2 the calculated values of d J,l0rrl are given. The partially ordered orthoclase has a 
crystal energy which is closer to that of high sanidine than to that of low microcline, the 
differences being respectively -46 and -88 IccaVmol. 

Similar values (see table 2) have also been obtained by Brown and Fenn (1979) and Pan
netier (1980). The values of the former authors are calculated from their structure ener
gies calculated with the same crystal structure data sets as ours. They state, however, a 

Table 2 

Ordering energy, d J,l. in kcal/mol 

ordering path present 
paper 

Pannetier 
(1980) 

Brown and Fem 
(1979) 

ordered orthoclase - high sanidine 
low microcline - ordered orthoclase 

low microcline - high sandine 

-46 
-88 

-134· 

-20 
-123 

-143 

-42 
-92 

-134·· 

• with reduced electric charges as small as -25 kcallmol (see section 3.1) 

•• calallated from listed crystal energies 
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considerably lower d !lord (about 55 kcaVmol for K feldspar) which is based on the aver
age from four separate calculations of the structure energy in which AI is situated in each 
calculation on a different site with Si on the other sites. In our calculations the total 
difference d!l°rd between an ordered and disordered potassium feldspars amounts to 134 
kcal/mol. At first sight, these calculated values do not agree with the experimental 
values of about two kcal/mol obtained by Waldbaum and Robie (1971). These theoreti
cal calculations have, however, been made in an electrostatic model having fonnal 
charges, and neglecting Born repulsion. Lowering of the effective charges in electrostatic 
models implies the effect of covalency. The amount of covalency of the Si-O bond can 
be estimated from the difference in electronegativities following Povarennykh (1972). 
The covalency of the Si-O bond is about 51 %, that of AI-O 41 %, and that of K-O is 
only 12 %. The peak separation of X-ray photoelectron (XPS) emission spectra has been 
used by Tossel (1977) in order to calculate the ionic character of the Si-O bond. The ioni
city is 58 and 63 percent for the Si-O bond respectively in quartz and olivine. For the Si 
o bond in low quartz Stewart et al (1980) have evaluated a lower ionicity of 25 % from 
accurate structure factors. Following Pauling (1980) this low value based on an effective 
charge of qesi = +1.0 and qeo = -{).5 is not justified. His arguments lead to the con
clusion that the ionic character of 50 % given by the electronegativity scale is not in 
conflict with the residual charge of +1.0 on silicon. Extended Rockel Molecular-orbital 
(EHMO) calculations (Gibbs et al., 1974) indicate that the fonnal charges of the potas
sium feldspar ions are qeK =+0.8, qesi =+1.30 ~ 1.6, qeAl =+2.0 and 
qeo =-0.9~ -1.1. If the calculations are perfonned in an electrostatic model with elec
tric charges as low as K+-rl·75+0i (high sanidine) and KO.9+AI2+SiF+Oi (low micro
cline), the difference between the highest (low microcline) and lowest Si,Al ordering 
(high sanidine) amounts to 25 kcal/mol for the crystal energy (Woensdregt, in prepara
tion). 

The values presented in this paper and listed in table 1 differ in absolute values from 
those published by Raymond (1971) and Brown and Fenn (1979). This must be caused 
by the different approach and the accuracy of the methods and programs used for the 
calculation. The values calculated with the ENERGY program (Woensdregt, 1971) have 
been checked in various occasions, e.g. BeO (Hartman, 1982), AI20 3 (corundum, Hart
man, 1978b), fluorite (CaFz, Hartman,1974) and forsterite (MgzSi04, 't Hart, 1978). 

3.2 Lattice-site energies 

The calculated lattice-site energies are listed in table 3. For high sanidine the lattice-site 
energies of the T-sites are almost identical, the T2 ones being somewhat less negative 
than those of T1. Calculation of the lattice-site potentials from the energies by using 
equation (7) show that the lower charged AI3+ion must prefer the T1(0) site, as its poten
tial value is relatively less negative than that of the T1(m) one. In case of the ordered 
orthoclase the difference between the T1 sites (tl=O.5) and the T2 ones (t2=O) amounts 
to -1883 kcaVmol, while T2 sites have the most negative value. The complete ordering of 
AI into the T1(0) site of maximum microcline has a significant effect on the lattice-site 
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Table 3 

Lattice-site energies of potassium feldspar polymorphs in kcal/mol 

Atom High Sanidine Ordered Orthoclase Low Microcline Analbite 

K -272.8 -272.6 ·273.1 -310.4 

T1(0) -3878.0 -3431.6 -2574.4 -3841.2 
T1(m) -3878.0 -3431.6 -4364.6 -3903.6 
T2(0) -3893.9 -4372.9 -4365.1 -3914.4 
T2(m) -3893.9 -4372.9 -4428.5 -3876.6 

OA1 -1335.7 -1243.0 -1271.0 -1324.9 
OA2 -1313.3 -1401.6 -1393.9 -1298.7 
OB(O) -1386.0 -1388.7 -1331.5 -1377.2 
OB(m) -1386.0 -1388.7 -1468.9 -1401.2 
OC(O) -1346.0 -1349.5 -1276.7 -1371.5 
OC(m) -1346.0 -1349.5 -1424.6 -1343.5 
OD(O) -1391.8 -1401.1 -1320.8 -1380.1 
OD(m) -1391.8 -1401.1 -1486.8 -1385.9 

energies of both 1'2 sites, 1'2(m) being more negative than 1'2(0). The lattice-site energy 
T1(m), with tlm=O, is almost identical to that of 1'2(0). The T1(0) site of maximum 
microeline has the smallest negative value of all T sites. In figure 2 the lattice-site ener
gies are plotted as function of the AI occupancy tl(O). There exists an almost linear rela
tion between the lattice-site energies of T1(0) and its AI occupancy, in sharp contrast 
with the T2 lattice-site energies. The 1'2 lattice-site energies of ordered orthoclase are of 
the same order as those of the low microcline T1(m), 1'2(0) and T2(m) ones. Hence the 
one-step ordering is not different from the two-step ordering with respect to the T1(0) 
sites. 

The low microcline with AI ordered on the T1 (0) site has the lowest negative crystal 
energy of all potassium feldspar polymorphs. This minimum is certainly due to the AI 
ordering, but is the T1(0) site really the best place for the AI ions, in terms of energy? For 
that reason the lattice-site and crystal energies in five different low microcline models 
have been calculated and listed in table 4. Four of them are really hypothetical, as the 
ordering schemes show. In model I the AI is concentrated on the T1(0) site ( low micro
cline), and in the models 2, 3 and 4, respectively on T1(m), 1'2(0) and 1'2(m). Finally in 
model 5 the AI is disordered, but the lattice geometry is, as in all five models, that of the 
triclinic low microeline. In model five the influence of the cell geometry is shown. The 
n(O) lattice site energy value is less negative than that of T1(m) and is caused by the 
difference in site geometry, as the AI occupancy of all T sites is the same (0.25). The 
T1 (0) site of the low microcline crystal structure has the largest T-0 distance (0.173 nm) 
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Table 4 

Lattice site energies and crystal energies of low microcline models 
with different ordering schemes 

mode11 mode12 mode13 model 4 model 5 

t1(0) 1.00 0.00 0.00 0.00 0.25 
t1(m) 0.00 1.00 0.00 0.00 0.25 
t2(0) 0.00 0.00 1.00 0.00 0.25 
t2(m) 0.00 

• 273.1 

0.00 

- 270.9 

0.00 

- 272.3 

1.00 

- 274.4 

0.25 

-272.7K 

T1(0) - 2574.4 - 3965.3 - 3928.8 - 4000.5 - 3592.4 
T1(m) - 4364.6 - 2872.1 - 4418.1 - 4327.1 - 3970.0 
1'2(0) - 4365.1 - 4455.2 - 2909.1 - 4381.9 - 4003.3 
1'2(m) - 4428.5 - 4355.7 - 4373.4 - 2902.8 - 3991.0 

OA(l) - 1271.0 - 1241.0 - 1432.7 - 1440.2 - 1346.2 
OA(2) - 1393.4 - 1389.0 - 1199.4 -1203.4 -1296.4 
OB(O) -1331.5 -1462.5 -1298.5 -1492.5 -1396.1 
OB(m) -1468.9 -1310.0 -1484.4 -1311.4 -1393.6 

OC(O) -1276.1 -1433.8 -1432.3 -1241.9 -1345.9 
OC(m) -1424.6 -1245.9 -1244.8 -1426.7 -1335.8 

OD(O) -1320.8 -1474.7 -1478.5 -1271.0 -1386.5 
OD(m) -1486.8 

-13490 

-1304.9 

-13390 

-1287.0 

-13380 

-1489.7 

-13382 

-1392.1 

-13361Ec 

of all T sites, due to the presence of AI3+ ions. The geometrical effect caused by the 
larger AI-O distances is assumed to be 396 kcaVmol, being the difference in modelS 
between the T1(O) and the mean of T1(m)-, 1'2(0)- and T2(m)-site energies. The energy 
values of lattice-sites occupied by AI and corrected for this geometrical value occupied 
by AI are: for model 2 (AI in T2(m)) : - 2476 kcaVmol, for model 3 (AI in 1'2(0)) : - 2513 
kcal/mol and for model 4 (AI in T2(m)) : - 2507 kcaVmol. Hence the model 1 with Al 
concentrated on T1(O) has the largest negative lattice-site energy: -2574 kcal/mol. The 
influence of the tetrahedral bond lengths on the lattice-site potentials cannot be 
neglected. It is not justified to compute site energies such as those of the ordered and the 
anti-ordered state (Scambos et al., 1987) which are based on a high sanidine crystal struc
ture without correcting for this geometrical effect. 

The T and 0- site energies of analbite do not differ much from the corresponding high 
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sanidine ones (table3, last column). Replacement of K by Na and the consequent change 
of the monoclinic into the triclinic symmetry has neither a significant effect on these 
energies nor on the crystal energies (table 1). 

4 Discussion 

Comparisons of the lattice-site energies and crystal energies of the ordered alkali 
feldspars with those of different degrees of ordering is useful, even if short-range repul
sion and the partly covalent character of the crystal structure are not taken into account. 
The covalent character can partly be introduced in the electrostatic point charge model by 
lowering the effective charges. Brown and Fenn (1979) carried out electrostatic crystal 
energy calculations in order to find evidence for an ordered arrangement of Na and K 
ions in the alkali site of the alkali feldspars. They were also interested in the relative sta
bilities of the alkali feldspars with different Si,Al ordering. Pannetier (1980) calculated 
the Coulomb crystal energies of high sanidine, ordered orthoclase and low microcline. 
Although their crystal energies differ in absolute values (see also table 1) the ordering 
energies d~ord are almost identical to ours. Structure energy calculations by Post and 
Burnham (1987) show for high and low albite that although the energy in case with the 
Al ordered into the T1(0) position is the lowest, the energies with Al ordered into T1(m), 
T2(0) and T2(m) are only slightly higher, in the order of one kcal/mol. Our calculations 
indicate that in case of the potassium feldspars Al should be concentrated on the T1(0) 
sites. The intermediate ordered orthoclase is also energetically more stable than the disor
dered high sanidine, while low microcline, with all Al concentrated in T1 (0), is the most 
stable polymorph. 

The complete ordering of Al on the T1(0) site produces the largest negative lattice-site 
energy of all low microcline models. In addition, the crystal energy is the largest nega
tive one for the ordered low microcline (model 1) structure. All these data indicate that 
the concentration of Al on the T1(0) site is energetically the most favourable alternative. 

The crystal energy is not so sensitive to changes in crystal geometry. The E of the difc 
ferent disordered alkali feldspars, i.e. high sanidine, "disordered microcline" (model 5) 
and albite have very similar crystal energies. However, changes in the charge distribu
tions, i.e. in case of the feldspars the Al ordering, imply large variations of the crystal 
energy. As has been shown before, lattice-site energies are sensitive to changes of the 
local geometry due to the Al ordering. 

The ordered potassium feldspars, low microcline, can be formed either by direct crystalli
zation, or by ordering. Ordering can take place directly (one-step) or through an inter
mediate phase (two-step), such as ordered orthoclase. The difference between the one
and two-step ordering of Al is visualized in figure 2. The occupancy of those sites with 
only Si, i.e. T2 of ordered orthoclase and T1(m), T2(0) and T2(m) of low microcline, 
produces almost the same lattice site potentials or energies. The change of crystal struc
ture parameters (a,b,c, n, ~ and 'Y from monoclinic to triclinic symmetry have no 
significant influence on these values as demonstrated by the slightly different values of 
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lattice-site energies for the 1'2 of ordered orthoclase and both 1'2 sites of low microcline. 
During the process of ordering the effect of Al occupancy on the lattice-site energies is 
very clear. 

The lattice site energies and crystal energies of ordered orthoclase indicate that this K 
feldspar polymorph is energetically an intennediate phase. The difference between the 
T1 (0) values of low microciine and T1 ones of high sanidine is about three times larger 
as that between the high sanidine 1'2 and low microcline 1'2 ones. 

The difference between Tl(O) values of ordered orthoclase and high sanidine is 461 
kcal/mol, that of orthoclase and low microcline even 857 kcallmol. Therefore an inter
mediate phase based on a two-step mechanism is most likely. The untwinned K feldspars 
described by Dal Negro et al. (1978) could have crystallized following an ordering path 
that approximates the ideal two-step model. Moreover, if the K feldspar had crystallized 
directly with triclinic symmetry, the growth process must have been very slow in order to 
avoid the crystallization of the disordered high sanidine. 

The ordering energies calculated by Pannetier (1980) and in the present paper are not of 
the same order as those experimentally obtained from calorimetrically measured heats of 
solutions by Waldbaum and Robie (1971). They found that the calorimetrically measured 
differences between the energies of ordered and disordered K and Na feldspars are 1.95 
and 2.60 kcal/mol, respectively. They must not be necessarily obtained from the calcula
tions of lattice-site potentials. In the latter case the fonnula for the calculations of poten
tials are used, which assumes that the ions are transported from infinity into the crystal
line structure. This is more or less equivalent with growth from the vapour. The values 
of Waldbaum and Robie (1971) correspond to the differences in heat of solution between 
an ordered potassium feldspar and disordered one, when dissolved in a 20.1 % HF solu
tion at low temperature values of 40 to 60 0 C. 

The model calculations have not included other than electrostatic Coulomb energies. It 
has been shown that the implementation of effective charges on the Si- and AI-ions lower 
than the fonnal ones has a drastic effect on the absolute values of the lattice-site energies 
and crystal energies. The ordering energy dJ,.L0rd will even be much lower, if repulsion 
and dispersion energies are included. Such short range contributions depend much on the 
site geometry, i.e. the distance to the nearest neighbours and their charges. Small differ
ences in T - 0 distances caused by different ordering schemes may influence substan
tially the absolute values of the crystal energies. In that case the ordering energy might 
be of the order of a few kcallmol. 

5 Conclusions 

(1) The order of increasing stability of the potassium feldspars due to the aluminium ord
ering and calculated by their crystal energies in an electrostatic point charge model is : 
high sanidine- ordered orthoclase-low microcline. 

(2) The above mentioned calculations indicate that the ordered orthoclase could be an 
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intennediate phase in between the completely disordered high sanidine and the com
pletely ordered low microcline. 

(3) The low microcline crystal structure must have all aluminium ordered on the Tl(o) 
sites, as all other possibilities to concentrate on different sites yield a less negative crystal 
energy. This is also corroborated by the value of the site-energy of Tl(0). 

(4) Analbite has crystal and lattice-site energies comparable with the corresponding 
potassium analogue (high sanidine). Hence the displacive change of the monoclinic lat
tice symmetry into a triclinic one does not produce a significant change of these energies. 

(5) In contrast with the change of lattice geometry the charge distribution is the most 
prominent factor controlling the crystal and lattice-site energies. The ordering of Al 
changes the tetrahedral geometry, which has a significant effect on the lattice-site ener
gies. 
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Abstract 

South Indian black star diopside contains oriented inclusions of magnetite which are 
parallel to (010) of the diopside host The magnetite blades cause the asterism effect, 
when the diopside is cut en cabochon, perpendicular to its b axis. There are two different 
orientations of the magnetite inclusions, both having <110> of magnetite parallel to [010] 
of diopside. The "Z" type inclusions have [llllMt II [100l~, while the "X" type inclu
sions have [lIlJMtA [l00]~ = 6 o. Hence these inclusions produce the fourfold aster
ism of star diopside. In addition oriented amphibole inclusions are present. The asterism 
of star quartz from Ratnapura district (Sri Lanka) is caused by acicular inclusions of sil
limanite, which are preferentially oriented with their c axes parallel to <100>* of the 
quartz host. Brown-black sillimanite cat's eye from Sri Lanka shows chatoyance pro
duced by inclusions of ilmenite that occurs as elongated and sublightrnicroscopically thin 
lamellae. Other complex thicker lamellae consisting of intergrowths of hercynite spinel 
and probably pyroxene are present, only in one out of three investigated samples. All 
these lamellae are parallel to {1I0} of sillimanite. The sillimanite's c_axis is parallel to 
[120] of ilmenite, which is perpendicular to the ilmenite prism face (110). The common 
interface of ilmenite with sillimanite is (113). 
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1 Introduction 

Certain minerals when cut en cabochon and well oriented and illuminated by a source of 
parallel light show chatoyance or asterism. The chatoyancy or asterism is produced by 
scattering of the incident light by numerous fibrous or lamellar inclusions, which are pre
ferentially oriented with respect to their host. For a good performance of these optical 
phenomena it is necessary that the thickness of the elongated inclusions is of the order of 
the wave length of light. This rules out the possibility to study these inclusions with a 
visible light microscope. Identification by X-ray diffraction powder methods is only pos
sible when the amount of inclusions is above the detection limit, which is normally not 
the case. The electron microscopical investigation not only facilitates a bright-field image 
of the inclusions, but also provides information by means of electron diffraction patterns 
about the nature of the inclusions and their crystallographic orientations with respect to 
their hosts. The energy-dispersive X-my microanalysis system installed either on a scan
ning electron microscope as in the present paper, or on a transmission electron micro
scope, enables the chemical analysis of very small spots in the specimen. 

The star pattern produced by these inclusions can be considered as a multiple chatoyance 
brought about by the scattering of light by coplanar cylinders and the refractive effect of 
the stones surface (Weibel et al. , 1980; Wuthrich and Weibel, 1981). In case of chatoy
ance the scattering is limited to only one set of scattering cones. 

About the nature of the inclusions seveml investigations have been performed. 
Armstrong (1971) supposed that rutile produces asterism in asteriated rose quartz. With 
regard to the asteriated corundum (star sapphire) Pletka et al. (1972) reported that a more 
AI rich precipitate than AIzTiOs is responsible for the asterism in sapphire. However, 
Takubo et a1. (1978) and Philips et al. (1981) proved that the asterism in artificial star 
sapphire can be caused by inclusions of rutile. In natuml star sapphire oriented inclusions 
of rutile (phillips et aI., 1981; Sahama, 1982) or of hematite-ilmeniet solid solution 
(Weibel and Wessicken, 1981; Moon, personal communication) cause the asterism 
effect 

This paper describes the results of a number of transmission electronmicroscopical inves
tigations on the nature and the preferred orientations of the inclusions causing asterism 
(star diopside and star quartz) or chatoyance (cat's eye sillimanite). 

2 Description ofthe investigated gemstones 

2.1 Namakkal star diopside 

The black star diopside from India has been the object of several gemmological studies. 
According to Ponahlo (1968) the X-ray powder pattern of black star diopside recorded by 
an X-ray goniometer with CuKa mdiation contains, in addition to the monoclinic pyrox
ene reflections, only magnetite reflections, which are most probably epitaxially related to 
the pyroxene host. The presence of rutile (TiO;0 needles of less than a micron in diameter 
could not be excluded. Marion et al. (1967) and Schubnel et a1. (1968) described the 
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Figure 1 

A cut en cabochon star diopside from Namakkal (S. India), diameter 
about 15 mm and weight about 4 g. showing the four-rayed asterism. 
Note that the arms ofthe rays do not cross at right angles. 

Figure 2 

Translucent white star quartz from Niriella (Ratnapura district, Sri 
Lanka) cut en cabochon showing a sixfold asterism. Diameter of the 
stone 40 mm, weight 56 g. 

Figure 3 

The sillimanite eat's eyes from Sri Lanka investigated in this paper. 
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occurrence of magnetite lamellae showing second order exsolution of ilmenite and spinel 
in a South Indian star diopside. The magnetite lamellae are parallel to the faces (001) and 
(100) of the diopside host. The star diopside sample investigated in the present paper is 
from Namakkal (Tamilnadu), South India. The exploitation of the deposits started in 
about 1964. Star diopside is used by Indian women as a cheaper substitute for the more 
expensive star sapphire. The black star diopside from South India shows a four fold 
asteriated cross, the rays of which subtend an angle of 104

0 
(see fig. 1). The thin section 

cut perpendicular to the b axis of the diopside host reveals, when viewed under the polar
izin§ microscope, the presence of two parallel sets of inclusions, subtending an angle of 
104 (fig. 4a). An electron microscopical bright field image of the inclusions shows the 
relation at higher magnifications (fig. 4b). 

Qualitative energy-dispersive X-ray microanalysis with a scanning electron microscope 
(Goldstein et al. , 1981) indicates that only Fe is present in the opaque inclusions (fig. 
7b). Besides Fe, only Ca, Mg and Si have been found in the diopside host (fig. 7a). 
According to the chemical analysis (see table 1) the composition of the Namakkal star 
diopside matrix is as follows: Ca.94Na.OlM&'89Fe.UAl.ozTi.oos[Sil.96Al.OP6]. 

2.2 Niriella star quartz 

A new variety of asteriated quartz has been found at Niriella south of Ratnapura (Sri 
Lanka) in sedimentary deposits in the form of pebbles associated with corundum, tour
maline, zircon, garnet and spinel (Giibelin, 1979). Giibelin (1968) mentioned cat's eye 
quartz with fine asbestos inclusions in his extensive study of the Sri Lanka gemstones as 
the only asteriated quartz variety. The Niriella star quartz is translucent white and shows 
a very distinct six-fold asterism in reflected light (fig. 2) when cut cabochon with the c 
axis normal to the base. Optical microscopic investigations reveal the presence of acicu
lar inclusions preferentially oriented parallel to (0001) of the quartz in three sets which 
intersect at 60 0 (fig. 5). Energy-dispersive X-ray microanalysis and emission spectro
graphic analysis indicate that Ti is absent. Hence the inclusions cannot be rutile needles. 

2.3 Sri Lanka eat's eye sillimanite 

Brown black sillimanite cat's eye from Sri Lanka present an unusual sharp light band 
(fig. 3), which would make them extraordinary gems were it not for the rather unattrac
tive colour of the stones. The sillimanite matrix contains about 0.5 wt.% Fez03. Although 
sillimanite (AlzSiOs) is a common metamorphic mineral, cuttable material is extremely 
rare. It is found as such in the Mogok Stone Tract of Burma and in the Sri Lanka gem 
gravels. The mined specimens are transparent rounded crystals with a blue, violet-blue or 
grayish green hue (Webster, 1983). Deep brown to blackish cabochon cut stones with a 
sharp chatoyancy have appeared on the market and claimed to be from Sri Lanka. In 
transmitted light, these sillimanite cat's eyes show a characteristic violet tinge. In a 
well-cut sillimanite cat's eye the base of the cabochon must be parallel to the cleavage 
plane of sillimanite {OlO}. The preferred orientation of the inclusions parallel to the c 
axis allows theoretically any orientation of the basal plane parallel to {hkO}. 
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Figure 4 
BA 

Namakkal star diopside 

a) Optical micrograph of a thin section cut perpendicular to the b
axis of the diopside host. The opaque inclusions are preferentially 
arranged parallel to two directions. which intersect at an angle of 
104°. 

b) An electron microscopical bright field image of an intergrowth of 
the inclusions. The streaking parallel to the long axis of the 
inclusions is due to the Moire effect caused by the magnetite and the 
underlying diopside. 

Figure 5 

Optical microscopic photograph of a Ratnapura star quartz cut 
parallel to the crystallographic basis, exhibiting acicular inclusions 
ofsillimanite. 
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Table 1 
Chemical analysis (in wt. % ) of star diopsides from Namakkal, S. India 

1 2 
Si02 53.5 54.5 
Ti02 0.2 
Al20 3 1.4 0.98 
FeO 4.7 3.57 
MgO 16.2 17.6 
CaO 23.9 24.1 
Na20 0.2 
Cr203 0.02 
Total 100.1 100.85 

1. Microprobe analysis by Mr. R. Gubser 
2. Microprobe analysis from Schubnel et al. (1968) 

Table 2 Optical properties of cat's eye sillimanite 

refractive index pleochroitic colours 
a 1.660 pale yellow 
~ 1.662 clove brown 
'Y 1.680 gray- brown 

The optical properties of the sillimanite host are given in table 2. The birefringence 
equals +0.020 and the optical angle 2Vy = 30 o. The absorption spectra show very faint 
shadows at 410,441 and 462 nm. The specific density is 3.257 g/cm3 (average of four 
determinations). These measured physical properties concur very well with those of 
other sillimanites from Sri Lanka. 

Thin sections of oriented sillimanite specimens have been investigated with a JEOL 840 
scanning electron microscope. The energy dispersive X-ray microanalytical system 
(lRACOR TN2(00) provides the quantitative analyses of small surfaces areas down to 
the order of 1 JllTI. The sillimanite matrix contains between 0.5 and 0.6 wt.% F~03 (fig. 
17a, the energy dispersive X-ray microanalysis cannot discriminate between FeO and 
F~03). The iron presumably substitutes for aluminium. 
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A B 

Figure 6 

a) Optical light microscopical micrograph of a thin section cut 
parallel to (010) of the Sri Lanka eat's eye sillimanite. The thicker 
pyroxene and spinel inclusions and the extremely thin needles of 
ilmenite are visible 

b) Scanning electron micrograph of an optical thin section of 
sillimanite eat's eye. cut parallel to the base of the cabochon which is 

-approximately parallel to the crystal cleavage plane (010). Two 
different sets of lamellar inclusions (intergrowths of spinel and 
pyroxene) parallel to the c axis of sillimanite are Visible. while the 
thinner lamellae of ilmenite are hardly not. All the lamellae are 
oriented with their longest axes parallel to the c axis ofsillimanite. 

B 
Figure 7 A 

X-ray microanalysis ofdiopside (a) and a blade-shaped inclusion (b) 
Only Fe is present as major element in the inclusion. 
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3 Electron microscopical investigations 

3.1 methods 

The Niriella star quartz specimens to be investigated with a JEM 100e transmission elec
tron microscope have been prepared either by crushing the fragments under methanol in 
an agate mortar, or by ion thinning. The specimens mounted on a holey carbon film have 
been observed at an accelerating potential of 100 kV. The ion-beam thinned star diop
side and cat's eye sillimanite samples have been studied with a Jeol JEM 200cX 
transmission electron microscope operating at 200 kV and equipped with a top-entry 
goniometer. 

Selected area diffraction patterns have been made in order to identify the inclusions and, 
in addition, to establish the crystallographic relation between host and inclusions. Even 
though the electron microscopical investigation is not destructive a chip of the gemstone 
under consideration must be sacrificed for the preparation of the specimens. 

3.2 Namakkal star diopside 

3.2.1 host 

The orientation of the [010] diopside specimens is confirmed by their electron diffraction 
patterns (see e.g. fig. 8). 

Figure 8 

[010J electron diffraction pattern ofdiopside 
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BA
Figure 9 

a) Electron diffraction pattern of the "Z" inclusions of magnetite 
(Mt) in diopside (Di). 

b) Schematic diagram of the intergrowth of the "Z" inclusions. Notice 
the characteristic relation : <lll>Mt II [100l; • while 
<I1O>Mt II [01Olo;. 

Figure 10 
A B 

a) Electron diffraction pattern of the "X" inclusions ofmagnetite (Mt) 
in diopside (Di) 

b) Schematic diagram showing the intergrowth of the ''X'' inclusions. 
Here <1l1~t A [100l; = 6°, while <1l0>Mt remains parallel to 
[01Olo;. 
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Table 3 

The diopside-magnetite intergrowth 

type magnetite diopside special features figure 

"z.. [011] II [010] [l!!]Mt II [1oo]~ 9a/b 
[111] II [100]* [211]Mt II [001]0; 

(ll1)Mt II (100)0; 

"X" rOll] 
[311] 
[100] 

II 
II 
II 

[010] 
[001]* 
[101]* 

[1!!]Mt 
[111]Mt 
(113)Mt 

A [loo]~ - 6' 1Oa/b 
A [001]0; -- 30

0 

III (100)0; 

3.2.2 inclusions 

The electron diffraction patterns of the inclusions have been identified mostly as mag
netite (fig. 9 and 10) and only sometimes as amphibole (fig. lla). 

3.2.2.1 magnetite inclusions 

The magnetite inclusions in the star diopside are always oriented in such a way that the 
<110> of magnetite is parallel to the b-axis of diopside. Two different orientations of the 
magnetite blades, the ..z.. and the ..x.. type inclusions (Fleet et at, 1980) are still possi
ble, both parallel to (010) of diopside. They have the following characteristics : 

..z.. with [011]Mt II [010]0; and [111]Mt II [100]~ and ..x.. with [011]Mt II [010]0; and 
[ll1]Mt A [100]~ = 6' 

Additional characteristics are given for the ..z.. and the ..x.. type inclusions in Table 3. 
The different diffraction patterns of the ..z.. and ..x.. inclusions in relation with those of 
the diopside host are shown in fig. 9 and 10, respectively. 

High magnification bright field images reveal that the magnetite blades are not bounded 
by crystal faces with rational indices. This is illustrated in fig. 12, in which the interplanar 
spacings ~oo of diopside and d111 of magnetite are coherent, which is typical for the ..z.. 
type inclusions. The inclination angle of the ..z.. type inclusions with respect to the c axis 
of diopside, which is parallel to the lattice fringes of dwo, is about 10 o. 
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Figure 11 

a) [OOlJ electron diffraction pattern of diopside and an amphibole 
inclusion. Axes and reflections ofdiopside are underlined. 

b) Bright field image of the amphibole inclusions. The irregular 
patterns are Bragg contours which do not represent any type of 
inclusions. An inclusion of magnetite is indicated by an arrow. The 
(010) lamellae ofamphibole are vertical. 

c) Bright field image of magnetite (Mt) and amphibole (Am) 
inclusions in an ion-thinned sample of diopside oriented parallel to 
the b axis ofdiopside. The "Z" type orientation of the magnetite is cut 
almost perpendicular to the plane of the figure. 
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3.2.2.2 Amphibole inclusions 

The amphibole (Am) lamellae are also preferentially oriented with respect to the diop
side (Di) host according to the relation: aAm II am, bAm II bm and CAm II Cm (fig. lla). 
An ion thinned section perpendicular to the oriented "Z" type magnetite inclusions shows 
that they are nucleated just on the amphibole lamellae (fig. 11 band c). In some amphi
bole lamellae irregularly ordered intergrowths of double, triple and quintuple chain sili
cates have been observed (fig. 13) 

3.3 Niriella star quartz 

An electron diffraction pattern of a typical needle could be identified as that of sillimanite 
parallel to [110] (fig. 14). The inclusions are elongated along the c axis and have an 
apparent thickness of about 20 nm when viewed in the (0001) face of quartz. The sil
limanite inclusions are preferentially oriented with ~eir c axes parallel to <100>· of the 
quartz host, which is perpendicular to the prism {lOW} of quartz (fig. 15). 

3.4 Sri Lanca cat's eye sillimanite 

Elongated inclusions, which form thin lamellae of 0.05 to 0.5 11m across, are aligned 
strictly parallel to the c axis of the sillimanite host. Energy-dispersive X-ray 
microanalysis indicates that these lamellae contain Fe and Ti (fig. 17b), in the same pro
portions as a standard ilmenite from South-Africa. They could also be identified by their 
electron diffraction patterns as ilmenite. The diagram presented in fig. 18 shows 
schematically the relation of the sillimanite having a perfect (010) cleavage and the 
ilmenite lamellae parallel to {11O} of sillimanite. The orientation of the ilmenite needles 
parallel to the c axis of sillimanite is clearly demonstrated in the scanning electron micro
graphs of specimens oriented parallel to (010), see fig. 16. In the following descriptions 
of ilmenite (a = 0.50884 nm and c = 1.40932 nm) the Miller-Bravais indices (hkl) 
and zone symbols [uvw] are used. The third index referring to the crystallographic d axis 
has been omitted. 

TransO!ission electron diffraction patterns of sillimanite parallel to [010], [130], [221] 
and [110] show that the ilmenite lamellae are preferentially oriented with respect to the 
sillimanite host. The relation between host and inclusions is given by their stereographic 
projections. These stereographic projections have been constructed in such a way that 
the b axis of sillimanite (fig. 19 a) i§. parallel to the [111] of ilmenite (fig. 19b). The other 
relations presented in table 4, e.g. [130] of sillimanite parallel to [001] of ilmenite, do not 
belong to different types of intergrowth, but are due to a different orientation of the 
specimen in the electron microscope. Fleet and Arima (1985) described the oriented 
intergrowth of hematite inclusions and prismatic sillimanite grains from a sapphirine
bearing granulite from Wilson Lake, Labrador. The hematite inclusions are with their 
[120] parallel to the [001] of sillimanite. This is in agreement with the preferred orienta
tion shown in this paper for ilmenite. The face pol~ (001) of the orthorhombic silliman
ite, i.e. the c axis, coincides with the normal to (110) of ilmenite (see the stereographic 
projection of fig. 19 a and b), which is equal to the direction [120]. 
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Figure 12 

Detail of the intergrowth of a magnetite inclusion and the diopside 
host. The lattice fringes dzoo of diopside are parallel to the d l1 ! 

fringes of magnetite, which is characteristic for the "z" type 
inclusions. The magnetite blades are bounded by irrational planes. 

Figure 13 

Irregularly ordered intergrowth of multiple chain silicates are shown 
in one of the amphibole lamellae. 
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A B 
Figure 14 

a) sillimanite needle and b) its [110] electron diffraction pattern 

Figure 15 

Electron diffraction pattern of the oriented intergrowth of sillimanite 
(s) and quartz (q). Underlined indices are quartz. [001]* of 
sillimanite is parallel to [100]* ofquartz. 

In table 4 the main characteristics of the ilmenite-sillimanite intergrowths are summar
ized. As special features are mentioned the normals to the faces of sillimanite and ilmen
ite that coincide in the diffraction patterns. In one of the investigated samples occurs still 
a second set of thicker lamellae, having an irregular cross-section of 1 to 10 1JlTl. The 
major part of these inclusions contains, according to their energy-dispersive X-ray 
microanalysis, AI and Fe as principal elements with minor amounts of Zn and Mg, and a 
small amount of Si (fig. 17c). The minor part consists of principally Fe and Si, and minor 
Mg and AI (fig. 17d). The inclusions must be at least 7 IJlTl in diameter in order to avoid 
additional signals from the surrounding matrix. Both the selection of the most favourable 
spots for a representative analysis and a thorough check for the relative intensities, elim
inate Si as a constituent of the major parts. It is only present in the minor inclusions. 
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Figure 16 

Scanning electron micrograph of the cleavage plane (010) of 
sillimanite with an ilmenite inclusion oriented parallel to {llO} of 
sillimanite. 
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a) sillimanite host b) ilmenite lamellae c) spinel inclusions d) 
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The electron diffraction patterns identify the main part of the lamellae as oriented inclu
sions of spinel and the other parts as an orthopyroxene. If the qualitative chemical ana
lyses are taken into account, the spinel could be a Zn bearing hercynite and the orthopy
roxene must be close to hypersthene (Mg,Fe)Si03• On the micrograph of a thin section 
oriented perpendicular to (010) shown in fig. 6b these two phases are clearly visible as an 
intergrowth. The bright parts correspond to the spinel component, and the darker parts to 
the orthopyroxene. Their orientation, also parallel to (110) of sillimanite is also given in 
the diagram of fig. 18. The electron diffraction patterns demonstrate the presence of a 
preferential orientation between the sillimanite host and the spinel. Just as in case of 
ilmenite the [111] of spinel is parallel to [010] of sillimanite (see also table 5 and fig. 19 a 
and c). Twinning of the spinel lamella following [112] has also been observed. 

Since the size of the inclusions are so small presence of a preferred orientation of the 
hypersthene inclusions with respect to the sillimanite host could not been determined 
unambiguously. 

4 Discussion and Conclusion 

4.1 star diopside 

Intergrowths of pyroxenes and spinels in terrestrial and lunar pyroxenes have been stu
died by Okamura et al. (1976). They described two different types of intergrowths. The 
type I orientations are identical to our "X", and the type II orientations correspond to our 
"Z". The orientation of magnetite inclusions in pyroxenes from the Grenville province 
has been described by Fleet et al. (1980). These authors distinguished between "X" and 
"z" inclusions, which are identical to the orientations described in the present study. The 
"z" orientations are almost parallel to the c axis of the diopside host, while the "X" inclu
sions are slightly inclined to the a axis of diopside. Two epitaxial relations exist, one 
between (113) of magnetite and (001) of diopside for the "X" type inclusions, and 
another between (111) of the "z" type magnetite and (100) of diopside. These two epi
taxial relations share as common axes <110> of magnetite and [010] of diopside. There is 
no justification in defining a three-dimensional pseudopyroxene unit cell as pointed out 
by Okamura et al. (1976) in order to explain the mechanism of magnetite exsolution. The 
pseudopyroxene unit cell principle would produce magnetite inclusions having both 
orientations present in one and the same crystal. Magnetite exsolves two-dimensionally 
according to two different epitaxial relations as described above and shown in fig. 9 and 
10. 

As the angle between the "z" type and "X" type inclusions is equal to that subtended by 
the rays of the four-fold asteriated cross of star diopside (fig. 1), one may conclude that 
these magnetite inclusions produce the asterism in star diopside. The amphibole inclu
sions are of minor importance for the asterism, which is not affected by their presence. 
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Figure 18 

Diagram showing the mutual relations between the eat's eye 
sillimanite host and the two sets of lamellar inclusions. The 
cabochon base is cut parallel to the (010) cleavage plane of 
sillimanite. Ilmenite. spinel and orthopyroxene lamellae are parallel 
to {11O} ofsillimanite. 
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Table 4 

special features 

sillimanite ilmenite 

sillimanite ilmenite (OOlf - (lID)* 

[010] /I [Ill] (100)* - (112)* 

or otherwise described as 

sillimanite ilmenite (001)* - (lID)* 

[130] /I [(01) (310)* - (110)* 

or otherwise described as 

sillimanite ilmenite (110)* - (113)* 

[221] II [211] (102f - (231)* 

TableS 

special features 

sillimanite spinel 

sillimanite 

[010] II 

spinel 

[111] 

(001)* 

(100)* 



122 asterism and chatoyance 

001 

__----tl....-_f=---.=---.'DD 

;02 --_",--
Figure 19 00' 

a) [010] stereographic projection ofsillimanite 
110 

b) [111] stereographic projection of ilmenite 
1"0 

1'2 

110 

c) [111] stereographic projection ofspinel 
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a) fOOl] projection ofthe sillimanite crystal structure 

b) Atomic configuration of the (110) surface ofsillimanite 

c) Atomic configuration of the (113) surface ofmagnetite 

Note that only oxygens have been shown! 
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4.2 star quartz 

The acicular inclusions producing asterism in the Niriella star quartz are sillimanite nee
dles. Since the rocks of the highly metamorphic Khondalite series in the Rablapura dis
trict contain sillimanite (Wadia et al., 1944; Fernando, 1948), it is most probable that the 
intimate intergrowth of sillimanite and quartz is caused by a simultaneous crystallization 
during the metamorphism of pelite rocks. However, exsolution cannot be discarded com
pletely as quartz may contain somewhat aluminium, which might exsolve at lower tem
peratures or pressures. 

4.3 cat's eye sillimanite 

The intergrowth of spinel and pyroxene cannot be responsible for the chatoyancy, as they 
are found in only one specimen. The fine lamellae of ilmenite are hardly visible even 
with an electron microscope. This is in sharp contrast with the lamellae of the spinel
pyroxene intergrowth. Hence the absence of the former lamellae in the two investigated 
cat's eye sillimanites is not a matter of optical resolution or statistics. Ilmenite as 
oriented inclusions produces the chatoyancy not only of the Sri Lankan cat's eye sil
limanite, but also of some rare aquamarine and chrysoberyl cat's eyes (Weibel, 1986). If 
the ilmenite lamellae are due to the exsolution of Fe and Ti from sillimanite as result of 
decreasing temperature and/or pressure, additional silica bearing minerals should be 
formed. Although the orthopyroxene lamellae could be produced by such an exsolution 
process, their presence is not directly correlated with that of the ilmenite lamellae. The 
only valid conclusion is, that sillimanite, ilmenite, spinel and orthopyroxene must have 
crystallized simultaneously. 

From the stereographic projections shown in fig. 19 a and b is it obvious that the (113) of 
ilmenite is inclined at an angle of almost 45 0 (calculated 41.57 0) to the b axis of sil
limanite, while it is at the same time almost parallel to (110) of sillimanite, which is 
inclined 45.73 0 to the b axis of sillimanite (calculated from the orthorhombic unit cell 
constants: a = 0.7470 nm, b = 0.7663 om and c = 0.5759 nm. Hence the crystal
line interface common to both faces is (113) in the ilmenite structure and (110) in the sil
limanite structure. 

Oriented hematite inclusions in sillimanite grains from a sapphirine-bearing granulite 
from Wilson Lake (Labrador) have been described by Fleet and Arima (1985). The 
inclusions are lath-like in shape, 0.1 to 0.2 Ilffi in smallest diameter and parallel to (110} 
of sillimanite. The crystallographic orientation of the hematite lamellae is 1120] of hema
tite parallel to the c axis of sillimanite, or, as has been shown before, [110] of ilmenite 
parallel to [001] of sillimanite, which is another way to describe the same intergrowth. 
Fleet (1982) stated that the minimization of interfacial energy is the dominant factor con
trolling the shape and the orientation of crystalline precipitates and replacement products 
in minerals. According to the calculations by Fleet and Arima (1985) the face (203) of 
hematite must be the common crystalline interface with (110} of sillimanite. As the 
geometry of the hematite structure is very similar to the ilmenite structure this should 
also be true for the intergrowth of ilmenite with sillimanite. The stereographic projection 
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(fig. 19b) shows, however, that (203) is far from being parallel to (110) of sillimanite. 
Hence in our opinion the conclusions made by Fleet and Arima (1985) about this inter
growth of hematite and sillimanite are not justified. 

The oxygen configuration of the (110) surface of sillimanite is shown in fig. Wb, in 
which the topology of the outennost surface, as far as the oxygens are concerned, is indi
cated by solid spheres (cf. also with the [00l] projection of sillimanite in fig. 20a). The 
(111) oxygen configuration of ilmenite is drawn in such a way (fig. 2Oc) that the shared 
oxygen layers parallel to the c axis of sillimanite and the [110] of ilmenite are almost 
parallel and continuous. There exists, how~ver, still a slight difference (about ten per
cent) between the identity periods along [110] of sillimanite and [001] of ilmenite. In 
practice, this might be less due to small variations in chemical composition of sillimanite 
and ilmenite, and to higher temperatures and pressures. This could could lead to a higher 
similarity between the identity periods than now is demonstrated in fig. 20b and c. These 
have been constructed using the crystal structure data detennined at atmospheric pressure 
and room tempenure for the almost pure compouds. Hence the (semi-)coherency along 
the interface boundary will not be lost. 

Fleet (1982) distinguishes between a topotaxial relationship with the matrix phase and an 
orientation which minimizes the dimensional misfit between the strain-free lattices at the 
phase boundaries. Following Fleet and Arima (1985) the following criteria can be 
applied in order to discriminate between the two mechanisms. The topotaxial phase 
boundaries are usually rational planes as topotaxy involves a shared structure element. 
Minimizing of the lattice misfit leads, however, to irrational planes for the phase boun
daries. In the first case the orientation is independent of the precise values of the strain
free lattice parameters, and in the latter case sensitive to change in lattice parameters 
through changes in temperature, pressure, etc. 

The distinction of two types of boundary conditions may be an attractive idea, but the 
nature of the intergrowths is sometimes more complicated. The magnetite-augite inter
growth (Fleet et. al., 1980) described by Fleet and Arima (1985) as typical for an inter
growth, which has no topological correspondence between the constituent phases, is such 
an example. The phase boundaries of diopside and magnetite are, even at high 
magnification, planar and well defined (fig. 4a and b), although dislocations at the boun
daries may be present (fig. 12). In the sense of Fleet and Arima these boundaries are, 
however, irrational as they are almost, but not completely, parallel to (111) of magnetite 
or (100) of diopside. They can only be described with high Miller indices (hid). On the 
other hand a distinct topotaxial element shared between the diopside and magnetite 
exists, Le. (111) of magnetite diopside is not only parallel to (100) of diopside, but also 
their interplanar spacings dhkl are almost identical (fig.12). The diopside-magnetite inter
growth observed in the Namakkal star diopside is an example of an intergrowth with a 
common irrational boundary, which is inclined to the shared topotaxiallattice planes at a 
small angle. 

Finally one may conclude that the study of star stones and cat's eyes reveals the epitaxial 
intergrowths of the host mineral and the inclusions. In the case of star diopside, star 
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quartz and cat's eye sillimanite these intergrowths are the causes of the asterism and cha
toyance. Asterism can be described as nothing else than a double or triple chatoyance 
effect 
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CHAPTER 8
 

SUMMARY 

Crystalline material grown in aqueous solutions or from vapour phase is often bounded 
by plane crystal faces. The surface configuration of such faces, that is controlled by the 
internal crystal structure, can be derived by the Hartman-Perdok theory with atomic pre
cision. The crystal faces can be classified into three different categories. The most 
important faces with the lowest growth rates are the F faces, which are parallel to at least 
two non-collinear Periodic Bond Chains (PBCs). A PBC is an uninterrupted chain of 
strong bonds formed during the crystallization. As the strong bond is a relatively short 
bond within the first coordination sphere the number of PBCs and F faces is limited. The 
other two categories are the S and K faces, which should not be present on the growth 
form. 

electrostatic point charge model (Chapter 2) 

In order to quantify the Hartman-Perdok classification the attachment energy has been 
introduced. The attachment energy (E,,) is the energy released per mole, when a new 
slice of thickness dw crystallizes on an already existing crystal face (hkl). The growth 
rate of the crystal face (hkl) is assumed to be directly proportional to its attachment 
energy. Hence model calculations of attachment energies can provide data about the 
growth rates of individual crystal forms {hkl}. Furthermore the slice energy (Es ) is the 
energy released per mole, when a new slice dw is formed from the vapour neglecting the 
influence of edge energies. The lattice energy (E ) which is the energy released per molec 
of a crystal crystallizing from the vapour, is given by the following relation : 
Ec = E" + Es • Both the attachment energies and the slice energies can be calculated in 
an electrostatic point charge model using the formula derived by Madelung for the poten
tial introduced by an infinite row of equall(; spaced point charges. Power series have been 
formulated for the Hankel function i H (;~ (iy) and for '¥(x) = dlnx! I dx. The loga
rithmic expression in the Madelung formula converges rapidly when applying a power 
series, which combines equally charged cations and anions. 

structural morphology ojzircon (Chapter 3) 

In zircon (ZrSiO,J four different Periodic Bond Chains (PBCs) can be described, i.e 
[001], <100>, < lh Ih lh > and < lh, lh, 1 lh >. F faces which grow slowly according to a 
layer mechanism, are {100} and {Oll}. Calculations of attachment energies have been 
performed for three different point charge models, model I : zt*si4+o1-, model II : 
Zr4+sj2+01·s- and model III Zr4+Si001-. The theoretical growth form is short prismatic 
following {IOO} and is terminated by the dipyramid {Oll}. The lower the oxygen charge 
the more elongated the crystal is parallel to the c axis. 

The slice dOll can be defined either bounded by zirconium ions (d~ll) or by silicate 
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tetrahedra (dgll ). As these slice boundaries differ in height one half slice with thickness 
d OZl, and these half slices d~z and db are F faces, the growth of (01I) may also take 
place by elementary growth layers of thickness dmz• In that case the growth rates of 
(Oil) increase and the growth models are even more prismatic. Biphosphammite 
(NH4HzP04, ADP) has a crystal structure similar to that of zircon. The F forms of ADP 
are also (IOO) and (0II ). The typical tapering observed on ADP crystals grown from Cr 
bearing aqueous solutions due to the presence of (Old) with k > I is not common for 
zircon. The S form (031) of ADP has such a relatively low attachment energy that it 
could be present on the theoretical growth form. For zircon the S form (031) could only 
be present on the theoretical growth form with formal charges, provided that the growth 
of (01I) takes place with half slices dC122 and the adsorption of impurities establishes 
additional strong bonds parallel to its slice boundaries. On the models with lower silicon 
and oxygen charges the form (031) is not present, but a reduction of the attachment 
energy of less than 0.1 percent would result into the appearance of (03l) on these 
models as well. If°-H ... °bonds could be formed by adsorption of protons, sil
ica complexes or water molecules, additional hydrogen bonds parallel to <110> would 
establish the F character of (1I0) and (OOI), which has been observed sometimes on 
minerals and synthetic crystals. Neutrally charged solvated silica complexes, such as 
Si(OH)4.2HzO, possibly present as impurities on kink sites could reduce the growth rate 
of the forms (1I0) and (001). 

structural morphology ofalkali feldspars 

Potassium feldspars in nature show a rich variety of habits. Sometimes the crystals are 
elongated either along the a -axis (Baveno Habit) or along the c -axis (Carlsbad habit). 
Other times they are flattened parallel to {OW} (Finisterre habit) or prismatic with dom
inant {11O} (Adularia habit). 

The most important crystal faces of high sanidine can be classified as either F1 faces 
parallel to at least two PBCs having only T-O bonds, or as Fz faces parallel to at least two 
PBCs,o!!e of whic.!t contains in addition K-O bonds. T!!e F1 f~ces are (1I0), {QOI}, 
(OW), {201} and (1I1). TheFz faces are (130), (021), (221), (Il2), (IOO) and (l01). 

The habit of the theoretical growth form of monoclinic high sanidine (KAlSi30 g) calcu
lated from the attachment energies in an electrostatic point charge model is most similar 
to that of the alpine vein potassium feldspar called adularia. 

In the triclinic crystal structure of analbite (NaAISi30 g) and of low microcline 
(KAlSi30g) the coordination number of the M (K, Na) atoms is reduced from nine to 
seven. Therefore the F character of the Fz forms could be lost as they are parallel to one 
PBC having strong K-O bonds besides the T-O bonds as well. However the Fzcharacter 
of the crystal forms as derived for the monoclinic high sanidine remain~unchanged. For 
triclinic structures only the form (hlel) is no longer equivalent with (hlel). This is, how
ever, only relevant to the surface energy values. 
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influence ofthe replacement ofK by Na on the crystal growth ofalkali feldspars (Chapter 
4) 

The effect of the substitution of K by Na on the crystal growth of alkali feldspar has been 
investigated by the calculation of the attachment energies of analbite (NaAlSi30 g), which 
is triclinic with a disordered AI distribution. The theoretical growth form of analbite con
sists of (lIO), (ItO), (ool), (OIO) and as additional minor forms {021} and (021). 
Hence habits other than the Adularia type cannot be explained by the crystal structure of 
disordered alkali feldspars. Either ordering of AI during the growth or external factors, 
such as impurities or supersaturation must be examined as possible causes for habit 
modification. 

influence ofthe Al ordering on the growth ofalkali feldspars (Chapter 5) 

The effect of aluminium ordering during crystal growth of potassium feldspar, which 
may influence the habit as well, has been studied. The attachment energies of monoclinic 
orthoclase, with a partially ordered AI distribution, and those of low microcline have 
been computed. The growth form of or~ered orthocbLse consists of (11O), (00t), (OIO) 
and as additional minor forms (Q21), (201) and (lIl). The growth form of low micro
cli!!e is fairly triclinic with (110) more important than (111)), (021) present, while 
(021) is absent, and as minor forms (00t), (OIO) and (lIt). The covalency of the 
(Si,Al)-O bond can be taken into account in the electrostatic point charge model by 
reduction of the formal electric charges. These model II calculations ~how that the habit 
of the low microcline growth form h.as a more monoclinic habit as (021) is present with 
an equally important (021) and (Ill) is absent. The oxygens can be ordered on the slice 
boundaries of <1001' d200 and ~02' On the surface of dow both potassium and oxygen ions 
can be built in orderly. The ordering of the boundary iQ.lls implicate for all models, that 
besides (lIO) (and in case of low microcline also (lIOn, (OIO) and (ool) no other 
forms are present. For po~siumieldsparswith (partly) ordered AI distribution the pres
ence of the forms (021), (201), (Ill) is more likely than for the monoclinic sanidine. 

Crystal growth processes are known to be influenced by other factors than the ideal cry
stal structure of the growing crystals, such as the presence of impurities, supersaturation 
and environmental symmetry. For the different polymorphs of the alkali feldspars this 
surface structure varies as function of the crystal form (hkl) concerned. Hence the possi
bility of a habit change due to preferential adsorption changing the growth rates must not 
be discarded. Among the impurities the influence of the solution and the presence of 
volatiles cannot be excluded. These actions can be examined by experimental crystal 
growth. In laboratory experiments, however, high values of supersaturation are almost 
inevitable as natural processes must be studied in a relatively short time. 

lattice-site energies (Chapter 6) 

Calculations of the attachment and the slice energies yield also values which can be used 
for the computation of the lattice-site potentials and energies. These calculations have 
been performed in electrostatic point charge models with formal charges for alkali 
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feldspars with different degrees of Si,AI ordering. In the sequence of increasing AI order
ing, Le. high sanidine-ordered orthoclase-low microcline, the crystal energies become 
more negative. The differences in crystal energy between the various polymorphs is a 
measure of the energy needed for the Al ordering. The difference between the ordered 
and the disordered potassium feldspar amounts to -134 kcallmol. In a point charge model 
with lowered charges (K+-rl·7s+oS) this energy decreases to -25 kcallmol. Lattice-site 
energies are calculated for all ion sites of high sanidine, ordered orthoclase, low micro
cline and analbite. During the two-step ordering the AI concentrates first on both Tl sites. 
The lattice-site energy of the TI(O) site is almost linearly correlated with the degree of AI 
ordering. For ordered orthoclase the T2 lattice-site energy has almost the same value as 
the Tl(m) and both T2 sites of low microcline. In addition, the lattice-site energies have 
been computed in three differently ordered hypothetical models, with AI concentrated on 
Tl(m), T2(0) and T2(m), respectively, and in a fourth model, also hypothetical, with 
disordered AI and the unit cell geometry of low microcline. The calculations show, that 
the occupation of a T site by Al instead of Si results in a lattice-site energy, which is 
about 400 kcal/molless negative due to the larger T-O distances. The application of this 
geometrical correction factor to the four above mentioned models reveals, that the AI 
must be ordered on the Tl(O) site, as the lowest negative lattice-site energy is obtained 
when AI is concentrated on that site. Lattice-site energies and crystal energy of analbite 
do no differ much from those of high sanidine. In contrast with a change in the charge 
distribution due to the AI ordering the crystal energies do not change significantly by the 
replacement of potassium by sodium atoms. 

asterism and chatoyance in gemstones (Chapter 7) 

Certain minerals when cut en cabochon and well oriented and illuminated by a source of 
parallel light show chatoyance or asterism. The chatoyancy or asterism is produced by 
scattering of the incident light by numerous fibrous or lamellar inclusions, which are pre
ferentially oriented with respect to their host. For a good perfonnance of these optical 
phenomena it is necessary that the thickness of the elongated inclusions is of the order of 
the wave length of light The star pattern produced by these inclusions can be considered 
as a multiple chatoyance brought about by the scattering of light by coplanar cylinders 
and the refractive effect of the stone's surface. In case of chatoyance the scattering is 
limited to only one set of scattering cones. 

South Indian black star diopside contains oriented inclusions of magnetite which are 
parallel to (010) of the diopside host. The magnetite blades cause the asterism effect, 
when the diopside is cut en cabochon, perpendicular to its b axis. There are two different 
orientations of the magnetite inclusions, both having <110> of magnetite parallel to [010] 
of diopside. The "Z" type inclusions have [lll]Mt /I [100]~, while the "X" type inclu
sions have [111]MtA [100]~i = 6 o. Hence these inclusions produce the fourfold aster
ism of star diopside. In addition oriented amphibole inclusions are present 

The asterism of star quartz from Ratnapura district (Sri Lanka) is caused by acicular 
inclusions of sillimanite, which are preferentially oriented with their c axes parallel to 
<100>· of the quartz host. 
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Brown-black sillimanite cat's eye from Sri Lanka shows chatoyance produced by inclu
sions of ilmenite that occurs as elongated and sublightmicroscopically thin lamellae. 
Other complex thicker lamellae consisting of intergrowths of hercynite spinel and prob
ably pyroxene are present, only in one out of three investigated samples. All these lamel
lae are parallel to {1I0} of sillimanite. The sillimanite's c ~is is parallel to [120] of 
ilmenite, which is perpendicular to the ilmenite prism face (110). The common interface 
of ilmenite with sillimanite is (113). 

Conclusion 

The influence of the crystal structure on crystal growth processes is clearly demonstrated 
by the investigations on zircon and potassium feldspars. The crystal structure determines 
the surface structure of the crystalline interface of which the atomic configuration con
trols the growth and the incorporation of impurities. Internal interfaces caused by the 
oriented intergrowth of host and guest phases not only reflect the (re)crystallization 
processes, but can also produce physical phenomena such as chatoyance and asterism. 
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Kristallijn materiaal, dat uit een waterige oplossing of dampfase is gegroeid, wordt vaak 
door platte kristalvlakken begrensd. De oppervlakteeonfiguratie van dergelijke vlakken, 
voor zo ver deze athankelijk is van de interne kristalstructuur, lean door middel van de 
Hartman-Perdok theorie met atomaire nauwkeurigheid worden bepaald. De kris
talvlakken kunnen in drie verschillende soorten worden ingedeeld. De meest belangrijke 
vlakken met de laagste groeisnelheden zijn de F-vlakken, die tenminste evenwijdig aan 
twee niet aan elkaar evenwijdige lopende Periodieke Bindings Ketens (PBK's) moeten 
zijn. Ben PBK is een ononderbroken keten van sterke bindingen die tijdens de kristallisa
tie zijn gevormd. Aangezien de sterke binding in wezen een betrekkelijk korte binding 
met de naaste buren is, bestaat er een beperkt aantal PBK's en F-vlakken. De andere 
twee soorten zijn S- en K-vlakken die niet op de groeivorm aanwezig mogen zijn. 

electrostatisch puntladingenmodel (Hoo/dstuk 2) 

Met het doel om de Hartman-Perdok indeling te kwantificeren is het begrip van de 
aanhechtingsenergie (E(,I) ingevoerd. De aanhechtingsenergie is die energie die per gram
molecuul vrijkomt, wanneer een nieuwe groeilaag met een laagdikte van dw op een 
reeds bestaand kristal uitkristalliseert Van de relatieve groeisnelheid van een kristalvlak 
(hid) wordt aangenomen dat deze recht evenredig met zijn aanhechtingsenergie is. Van
daar dat modelberekeningen van de aanhechtingsenergieen de nodige kennis over deze 
groeisnelheden van de afzonderlijke kristalvormen ( hkl ) kunnen leveren. Bovendien is 
de energie van een groeilaag (E8 ) die energie per grammolecuul die vri]Komt, wanneer 
een nieuwe groeilaag dw uit de dampfase wordt gevormd. Daarbij wordt de invloed van 
randenergieen verwaarloosd. De kristalenergie (Ee ) is de energie per grammolecuul die 
vrijkomt tijdens de kristallisatie van een kristal uit de dampfase en wordt gegeven door 
de volgende betrekking: Ee = E(,I + E8 • Zowel de aanhechtings- als de groeilaag
energie kunnen in een electrostatisch puntladingenmodel worden berekend, waarbij van 
de door Madelung afgeleide formules wordt gebruik gemaakL Deze zijn afgeleid voor de 
berekening van de potentiaal opgewekt door een oneindige rij van puntladingen, die zich 
op ~elijke afstanden bevinden. Machtreeksen zijn opgesteld voor de Hankel functie 
i H (~~ (iy) en voor de psi functie 'P(x) =dlnx ! I dx. De logaritmische uitdrukking in de 
formules van Madelung convergeert snel, wanneer een machtreeks wordt gebruikt die 
gelijk geladen kat- en an-ionen combineert. 

structurele mor/ologie \Ian zirkoon (Hoo/dstuk 3) 

In zirkoon (ZrSi04) kunnen vier verschillende PBK's worden beschreven. Dit zijn [001], 
<100>, <Yl Yl Yl> en <Yl, Yl, 1 Yl>. F vlakken, die langzaam laagsgewijs groeien, zijn 
(lOO) en (Oll). De berekeningen van aanhechtingsenergieen zijn voor drie verschil
lende puntIadingenmodellen uitgevoerd' model I : Zr4+Si'I+O!-, model II : Zr4+Si2+0J·s
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en model III Zr4+siOol-. De theoretische groeivonn is kort prismatisch volgens {lOO} en 
is aan de uiteinden begrensd door de dipyramide {OIl}. Hoe lager de lading van de 
zuurstof, des te langgerekter is het kristal volgens de c as. 

De groeilaag van {OIl} kan worden begrensd of door zirkoon ionen (dttl> of door sili
kaat tetraeders (dtll)' Aangezien de begrenzingen van deze groeilagen Un halve 
groeilaag met een dikte van dOll in hoogte verschillen en ooze halve groeilagen dh en 
d~ F vlakken zijn, kan de groei van {OIl} ook door middel van elementaire groeilagen 
met een dikte van dOll plaatsvinden. In dat geval neemt de relatieve groeisnelheid van 
{Oil} toe en worden de groeimodellen meer prismatisch. Biphosphammiet (NH4H~4' 

ADP) bezit een kristalstruktuur, die met die van zirkoon vergelijkbaar is. De F vonnen 
van ADP zijn dan ook {Ioo} en {OIl}. De kenmerkende spits toelopende vonn van de 
kristallen veroorzaakt door het voorkomen van gekromde kristalvlakken {Okl} met 
k > 1 ("tapering"), die wordt waargenomen bij uit Cr houdende oplossingen gegroeiOO 
kristallen, is niet nonnaal voor zirkoon. De S vonn {031} van ADP heeft een zodanig 
relatief lage aanhechtingsenergie, dat ooze wei op de theoretische groeivonn voor zou 
kunnen komen. In het geval van zirkoon kan de S vonn [031} alleen maar aanwezig zijn 
op de theoretisch groeivonn met de fonnele ladingen, mils de groei van [OIl} 
plaatsvindt volgens halve elementaire groeilagen met een dikte van dO'l2' Tevens moet de 
adsorptie van verontreinigingen ervoor zorgdragen, dat extra sterke bindingen evenwijdig 
aan de groeilaagbegrenzingen worden gevonnd. Op modellen met lagere waarden voor 
de lading van silicium en zuurstof is de vonn {03t} niet aanwezig, maar een verlaging 
van de aanhechtingsenergie met minder dan 0.1 procent zoo betekenen, dat ook op deze 
modellen {031} zou kunnen voorkomen. Indien 0 - H '" 0 bindingen tengevolge 
van adsorptie van protonen, silica complexen of water moleculen zouden kunnen worden 
gevonnd, kunnen extra waterstof bindingen evenwijdig aan <110> de kristalvonnen 
{1l0} en [ool}, die soms op mineralen en kunstmatig gevonnde kristallen zijn waar
genomen, tot F vlakken verheffen. Neutraal geladen gesolvateerde silica complexen, 
zoals Si(OH)4.2H20, die mogelijk aanwezig kunnen zijn als onzuiverheden op kink 
plaatsen, kunnen de relatieve groeisnelheid van de vonnen {IIO} en (ool} vertragen. 

structurele morfologie van alkaliveldspaten 

Natuurlijke kaliveldspaten vertonen een rijke varieteit aan habitus. Soms zijn de kristal
len langgerekt volgens de a as (Baveno habitus) of langs de c as (Karlsbad habitus). 
Andennaal zijn zij afgeplat volgens [01O} (Finisterre habitus) of prismatisch volgens 
overheersende [IlO} (Adulaar habitus). 

De meest belangrijke kristalvlakken van hoog sanidien kunnen of als F I vlakken, die 
evenwijdig zijn aan tenminste twee PBK's met alleen maar T-O bindingen of als F2 
vlakken, evenwijdig aan twee PBK~ waarvaI!.. een ook K-O bindingen bezit. De F I 
vlakken~ijn (IlO}, [oolj, [01O}, {20t} en [Ill}. De F2 vlakken zijn [130}, [021}, 
{221}, [Il2}, {loo} en [IOI}. 

De habitus van de theoretische groeivonn van monoklien hoog sanidien (KAlSi30 S)' die 
verkregen is door berekeningen van de aanhechtingsenergieen in een electrostatisch 
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puntladingenmodel, lijkt zeer veel op die van de kaliveldspaat genaarnd adulaar, die als 
alpien kloofmineraal voorkomt. 

In de trikliene kristalstructuur van analbiet (NaAlSi30 g) en die van laag mikroklien 
(KAlSi30 g) is het omringingsgetal van het M(K,Na) atoom verlaagd van negen naar 
zeven. Daarom wu het F2 karakter van de de F2 vonnen verloren kunnen gaan, daar zij 
evenwijdig zijn aan ~n PBK die behalve uit T-O bindingen ook uit sterke K-O bin
dingen bestaat. Het F2 karakter van de kristalvormen zoals die is afgeleid voor hoog 
sanidien blijft echter onveranderd. Alleen voor trikliene vormen is de vonn (hkl) niet 
langer meer equivalent met (W). Oit is echter alleen maar van betekenis voor de waar
den van de oppervlakte-energieen. 

invloed van de vervanging van K door Na op de kristalgroei van alkaliveldspaten 
(hoofdstuk 4) 

Het effect van de vervanging van K door Na op de kristalgroei van alkaliveldspaten is 
onderzocht door het berekenen van de aanhechtingsenergieen van analbiet (NaAlSi30 g), 

die triklien is met ee!!. ongeordende Al verdeling. De theoretische groeivonn van analbiet 
be§.taat uit (11O), (11O), (00I), (010) en als extra minder belangrij"ke vonnen (02l) en 
(021 ). Hieruit blijkl, dat een andere habitus dan de Adulaar habitus niet verklaard kan 
worden door de kristalstruktuur van ongeordende alkaliveldspaten. Hetzij de ordening 
van Al gedurende groei, hetzij exteme factoren, wals onzuiverheden of oververzadiging 
mooten als mogelijke oorzaken voor een verandering van de habitus worden onderzocht 

invloed van de Al ordening op de groei van alkaliveldspaten (hoofdstuk 5) 

Het effect van de aluminium ordening gedurende de kristalgrooi van kaliveldspaal, die 
ook de habitus zou kan veranderen, werd onderzocht De aanhechtingsenergieen van 
monokliene orthoklaas, met een gedeeltelijke geordende Al verdeling en die van laag 
mikroklien werden berekend. De grooivorm van geordende orthokll1a! bestaat uitj 11O}, 
(00 I), (OIO) en als bijkomstige vormen van minder belangj02l}, (201) en (111). De 
grooivorm van laag mikroklien is duidelijk triklien met (110) belangrijker dan (110), 
(02l) aanwe~ig, terwijl (021) afwezig is, en als minder belangrijke vonnen (ool), 
(010) en (Ill). De covalentie van de (Si,Al)-O binding kan tijdens de berekeningen in 
het puntladingenmodel worden meegenomen door de fonnele ladingen te verlagen. Deze 
berekeningen in model II tonen aan, dat de h~itus van de groeivonn van laag mikrokli~n 

een meer monokliene habitus bezil, daar (021) even belangrijk is als (021) en (111) 
afwezig is. De zuurstof ionen op de grenslagen van de grooilagen van d OO1 ' d~ en d 2D2 
kunnen geordend zijn. Op het oppervlak van d01JJ kunnen zowel kalium als zuurstof 
ionen geordend worden ingebouwd. De ordening van de ionen op de grenslaag brengt 
vOQr alle modellen met zich, dat behalve (110) (en in het geval van laag mikroklien ook 
(110)), (OIO) en (ool) geen ander vonnen aanwezig zijn. In het geval van 
kaliveldspaat me.! een (gedeeltelijk) geordende Al verdeling is de aanwezigheid van de 
vormen (021), (201), (Ill) waarschijnlijker dan voor de monokliene hoog sanidien. 

Van de kristalgroeiprocessen is bekend, dat zij ook door andere factoren dan de ideale 
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kristalstrucblur van de te groeien kristallen kunnen worden beinvloed, zoals de 
aanwezigheid van onzuiverheden, oververzadiging en de symmetrie van de omgeving. 
Voor de verschillende polymorfen van de alkaliveldspaten wisselt de oppervlaktestruc
tuur als functie van de desbetreffende kristalvorm {MI}. Om die reden moet de 
mogelijkheid van een verandering van de habitus niet worden verworpen. AIs 
onzuiverheden moet ook Diet de invloed van de oplossing en de aanwezigheid van 
vluchtige bestanddelen worden uitgesloten. Deze invloeden mnnen door middel van 
experimentele kristalgroei worden besbldeerd. Tijdens experimenten in het laboratorium 
zijn echter hoge waarden voor de oververzadiging bijna onvermijdelijk gezien het feit, 
dat natuurlijke processen in relatieve korte tijd moeten worden besbldeerd. 

roosterpunt energiee'n 

De berekeningen van de aanhechtings- en de groeilaag-energieen leveren ook waarden, 
die voor de berekening van roosterpotentialen en energieen kunnen worden gebruikt. 
Deze berekeningen zijn in een puntladingenmodel met formele ladingen voor de 
alkaliveldspaten met verschillende graden van Si,AI ordening uitgevoerd. In de volgorde 
van toenemende AI ordening, d.w.z hoog sanidien-geordende orthoklaas-laag mikroklien, 
wordt de kristalenergie meer negatief. De verschillen in kristalenergie blssen de ver
scheidene polymorfen is een maat voor de energie benodigd ten behoeve van de AI 
ordening. Ret verschil blssen de geordende en ongeordende kaliveldsRaat bedraagt -134 
kcal/mol. In een puntladingenmodel met verlaagde ladingen (K+rl' 5+08) neemt deze 
energie af tot -25 kcal/mol. Roosterpuntenergieen zijn berekend voor alle ion plaatsen 
van hoog sanidien, geordende orthoklaas, laag mikroklien en analbiet. Gedurende de 
ordening in twee stappen concentreert zich de AI eerst op beide T1 plaatsen. De rooster
puntenergie van de T1(0) plaats is bijna lineair gecorreleerd met de graad van AI orde
ning. In het geval van geordende orthoklaas is de 1'2 roosterpuntenergie bijna gelijk aan 
die van T1(m) en beide 1'2 plaatsen in laag mikroklien. Bovendien werden de 
roosterpuntenergieen berekend in drie verschillende geordende hypothetische modellen, 
respectievelijk met Al op T1(m), 1'2(0) en 1'2(m) geconcentreerd, en in een vierde model, 
eveneens hypothetisch, nu met ongeordende AI en de geometrie van de eenheidscel van 
laag mikroklien. De berekeningen tonen aan, dat de bezetting van een T plaats door AI in 
plaats van Si resulteert in een roosterpuntenergie, die ongeveer 400 kcal/mol minder 
negatief is vanwege de grotere T-O afstanden. De toepassing van deze meetkundige 
correctie factor op de vier bovengenoemde modellen toont aan, dat de AI op de T1(0) 
plaats moet zijn geordend, daar de laagst negatieve roosterpuntenergie wordt verlcregen, 
wanneer AI op die plaats is geconcentreerd. Roosterpuntenergieen en kristalenergie van 
albiet verschillen niet veel van die van hoog sandien. In tegenstelling tot een verandering 
in de ladingsverdeling wegens de AI ordening veranderen de kristalenergieen niet 
significant door de vervanging van kalium door natrium. 

ster- en katteoog-effect in edelstenen (Hoofstuk 7) 

Verschillende mineralen vertonen, wanneer zij cabochon geslepen zijn en onder de juiste 
hoek door een bron van evenwijdig licht goed verlicht zijn een katteoog-effect (chatoy
antie) of stereffect (asterisme). De chatoyantie of asterisme wordt veroorzaakt door de 
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verstrooiing van het opvallende licht door talrijke naald- of lintvonnige insluitsels, die 
met betrekking tot de gastheer een voorkeursorientatie vertonen. Voor een goede wer
king van deze optische verschijnselen is het noodzakelijk, dat de dikte van de langwer
pige insluitsels in de orde van de golflengte van het licht is. Ret door deze insluitsels 
veroorzaakte stervonnige patroon kan aIs een meervoudige katteoog-effect worden 
beschouwd, dat ontstaat door de verstrooiing van het licht door in een vlak liggende 
cylinders en het effect van lichtbreking op het oppervlak van de stenen. In het gevaI van 
het katteoog-effect is de verstrooiing beperkt tot een stel kegels van verstrooid licht. 

Zwarte sterdiopsied uit het Zuiden van India bevat georienteerde insluitsels van mag
netiet, die evenwijdig aan het kristalvlak (010) van de diopsied gastheer zijn 
georienteerd. De magnetiet blaadjes veroorzaken het asterisme effect, wanneer de diop
sied caboclwn loodrecht op zijn kristallografische b as is geslepen. Er bestaan twee ver
schillende orientaties voor de magnetiet insluitsels. Voor beide geldt, dat de <110> van 
magnetiet evenwijdig is aan de [010] van diopsied. Voor het "Z" type insluitsel is 
[l11]Mt II [100]~, terwijl voor het "X" type insluitsel geldt, dat [111]Mt A [100]~ = 
6 o. Om deze redenen produceren deze insluitsels het viervoudige stereffect van sterdiop
sied. Bovendien zijn ook nog georienteerde insluitsels van amfibool aanwezig. 

Ret asterisme van de sterkwarts uit het Ratnapura district op Sri Lanca wordt veroorzaakt 
door naaldvonnige insluitsels van sillimaniet, die bij voorkeur met hun c assen 
evenwijdig aan de <100>* van hun kwarts gastheer zijn georienteerd. 

Bruinzwarte sillimaniet lrntteoog uit Sri Lanca vertoont een katteoog-effect dat wordt 
veroorzaakt door ilmeniet insluitsels, die aIs langgerekte en sublichtrnikroskopische 
dunne lamelIen voorkomen. Andere meervoudige dikke lamellen bestaande uit ver
groeiingen van een hercynitische spinel en waarschijnlijk een pyroxeen zijn aIleen in een 
van de drie onderzochte monsters aanwezig. AI deze lamellen zijn evenwijdig aan {11O) 
van sillimaniet. De c as v~ sillimaniet is evenwijdig met [120] van ilmeniet, die lood
recht op het prismavlak (110) van ilmeniet staat. Ret gemeenschappelijke grensvlak van 
ilmeniet met sillimaniet is (113). 

samenvatting 

De invloed van de kristalstructuur op de processen van kristalgroei is duidelijk door mid
del van het onderzoek met betrekking tot zirkoon en alkaliveldspaten gedemonstreerd. 
De kristalstructuur bepaalt de oppervlaktestructuur van het kristallijne grensvlak. De 
atomaire opbouw hiervan regelt de groei en de inbouw van onzuiverheden. Interne 
grensvlakken ontstaan door een georienteerde vergroeiing van gastheer en gast fasen 
weerspiegelen niet aIleen de gevolgen van de (re)kristallisatie processen, maar kunnen 
ook de oorzaak zijn van fysische verschijnselen zoaIs chatoyantie en asterisme. 
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Hartman, Dr. AJ. Pannekoek, Dr. W.P de Roever, Dr. L.U. de Sitter, Dr. E. den Tex en 
Dr. I.M. van der Vlerk. 

- 1959 candidaatsexamen J, R.U. Leiden 

- 1963 doctoraalexamen geologie, met als eerste bijvak petrologie en als tweede bijvak 
kristallografie. 

Vanaf 1960 tot september 1979 was hij verbonden aan het Geologisch en Mineralogisch 
Instituut der Rijksuniversiteit Leiden, laatstelijk als wetenschappelijk hoofdmedewerker 
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