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"Whenever a thing changes and alters its nature^ 

at that moment comes the death of what it was before."

Lucretius



Abstract.

Framework silicates are the most abundant constituents of the Earth’s crust and upper 

mantle. Feldspars are quantitatively the most important of the rock-forming silicates, 

making up to 60% of the Earth’s crust. In order to understand the complex igneous 

and metamorphic processes which take place within the earth it is vital that we 

understand the response of major rock-forming minerals, such as feldspars, to pressure 

and temperature.

The crystal structures of feldspars are reviewed, starting with the ideal formula, 

MT^Og. The topology of the structure is then discussed, followed by the perturbation 

to the structure caused by the M cation and distribution of the T atoms. This is 

followed by an introduction to Landau theory, and the means by which a phase 

transition in a material can be approached macroscopically.

The last twenty-five years has seen rapid and widespread development of DACs 

suitable for single crystal X-ray diffraction experiments. The various types of DACs 

are reviewed and the relative advantages and disadvantages of each cell discussed. 

This is followed by a description of the construction and operation of each cell. The 

second half of this chapter concentrates on the development of a new DAG suitable 

for use at high pressure and temperature. Again the construction and operation of the 

cell is described.

The compressibilities of a number of alkali and plagioclase feldspars have been 

determined between 0 GPa and 5.2 GPa by single crystal X-ray diffraction, using a 

Merrill-Bassett diamond anvil cell. The unit-cell parameter data from these 

experiments plus the use of previously published high pressure unit-cell parameters 

has enabled the Mumaghan equation of state to be fitted to the volume-pressure data, 

and a bulk modulus obtained for each crystal structure. Changes in the unit-cell



parameters, and principal strain directions at high pressure, allow a number of 

conclusions to be made on the structural response of feldspars to high pressure.

The PI-II phase transition in end-member anorthite has been reversed in-situ at high 

pressures and temperatures, using a single crystal sample and an externally heated 

DAC. At high pressures the phase boundary is linear and nearly isobaric, and marked 

by a first order step in volume. At high temperatures the boundary is linear and 

isothermal and there is no detectable discontinuities in unit-cell parameters.

The compressibilities of sanidine (OrggAbi,), amazonite microcline (Org?) and 

Norwegian microcline (Orgj) have been determined between 0 GPa and 5.2 GPa by 

single crystal X-ray diffraction, using a Merrill-Bassett DAC. The sanidine appears to 

exhibit straightforward compressional behaviour, with no evidence of the previously 

reported phase transition at 1.8 GPa. High pressure unit-cell parameter data for 

microcline reveals a change in the compression mechanism at 3.7 GPa (amazonite) 

and 4.2 GPa (Norwegian microcline).
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1. Introduction.

1.1 Introduction.

Silicates are the largest group of compounds occurring in the Earth’s crust. Feldspars 

are the most important single group of rock-forming silicate minerals, and make up 

approximately 60% of the Earth’s crust. The majority of feldspar minerals have 

aluminosilicate framework structures with interstices occupied by alkali or alkali-earth 

atoms. Feldspars are the major constituents of acid, alkaline, intermediate and basic 

igneous rocks, and are only absent from ultrabasic or rare alkaline rocks. They are 

important constituents of schists and gneisses, and occur in many regionally 

metamorphosed rocks. They are frequently found as authigenic crystals or detrital 

grains in arenaceous rocks, and it is not uncommon to find them in mineral veins.

In order to understand the complex geochemical processes taking place within the 

Earth’s crust and upper mantle, it is necessary to have a comprehensive understanding 

of the response of major rock forming minerals such as feldspars, to high pressures 

and temperatures. Conventional experimental petrology is based upon the interpretation 

of products quenched from high pressures and temperatures. Quench products 

however, do not represent the equilibrium condition of a material at high pressures and 

temperatures. Many minerals undergo phase transitions at non-ambient conditions, 

while most are subject to complex compressibility and expansion mechanisms. The 

study of single crystal samples within diamond anvil cells (DACs) at high pressures, 

and high pressures and temperatures is one of the few methods sensitive enough to 

detect the subtle changes which affect minerals at high pressures and temperatures.
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1.2 The Occurrence of Feldspars.

The aluminosilicate structure is composed of comer-sharing SiO^ and AIO4  tetrahedra, 

linked in an infinite three dimensional array. Charge balancing "M" cations occupy 

large cavities within the tetrahedral framework. The majority of feldspars can be 

classified chemically as members of ternary system NaAlSijOg-KAlSijOg-CaAljSijOg. 

Members of the series between NaAlSi^Og and KAlSijOg are called alkali feldspars. 

Members of the series between NaAlSijOg and CaAljSijOg are called plagioclase 

feldspars (Figure 1.1).

Figure 1.2 represents the relations typical of feldspars which have had short cooling 

histories. Homogeneous feldspars occupy small areas. Most alkali feldspars are 

perthites, consisting dominantly of an alkali feldspar host with exsolved plagioclase 

phase. When plagioclase feldspars are dominant the unmixed feldspar is called an 

antiperthite. If there are equal amounts of K-feldspar and plagioclase, these are called 

mesoperthites.

Figure 1.3 represents the feldspar fields after prolonged cooling histories such as those 

which occur in large plutons or metamorphic rocks. K-feldspar is now restricted to 

low microcline, and homogeneous plagioclases are restricted to pure albite, Angĝ ôo 

anorthite, and compositional range An̂ g to An̂ q. The non-homogeneous types consist 

of a series of intergrowths of which three are important: peristerites, which contain 

equal amounts of alkali feldspar and plagioclase; Bpggild intergrowths between An40 

and An60; and Huttenlocher intergrowths between An^g and Angg.
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Figure 1.1: Feldspar An-Ab-Or ternary diagram for minerals quenched from high 
temperature.
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The sodium-potassium feldspars are essential constituents of acid and acid-igneous 

rocks. They are abundant in granites, syenites and their volcanic equivalents, while 

alkali feldspars are major constituents in pegmatites and acid gneisses. In plutonic 

rocks the alkali feldspars are usually orthoclase and microcline compositions, and 

perthite and microperthite textures. In volcanic rocks the alkali minerals are sanidine, 

sanidine perthite and anorthoclase crytoperthite. Potassium rich feldspar minerals also 

form during the hydrothermal stage of crystallization of granitic rocks. These minerals 

are formed as a by-product of the transformation of biotite to chlorite. The 

transformation is represented by the reactions:

K 2M g 5A l4S i5 0 2 o (O H )4 +  4 S iO z  +  ^  M g jA l^ S ia O io C O H )»  +  I K A lS i^ O ,

eastonite

2 KFe3 ^"AlSi3 0 ,o(OH) 2  + Fe5 +2 Fe^'AlSi3 0 ,o(OH)g + KAlSi3 0 g + K+

annite

Potassium feldspar is a stable product of both high grade thermal and regional 

metamorphism. It occurs in a variety of thermally metamorphosed sediments 

including: shales, impure limestones, and impure sandstones. It is the typical mineral 

of the sillimanite zone of regional metamorphism. The formation of alkali feldspar 

minerals in high grade metamorphic zones is mainly due to the instablity of micas at 

high pressures and temperatures, i.e.:

K(M g,Fe)3AlSi30io(OH)2 + SSiO^ ^  KAlSi30g + 3(M g,Fe)Si03 + H^O 

biotite

K A l3S i3 0 io(O H )2 +  SiO z K A lS i3 0 g +  A ljS iO j +  H^O 

muscovite
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KAl3 Si3 0 ,o(OH) 2  + CaC0 3  + ZSiO  ̂ KAlSi3 0 g + CoAl^SigOg + H^O + CO^ 

muscovite

K-feldspars can also crystallize during the formation of sedimentary rocks. They are 

commonly found in siltstone, sandstones and shales. Crystallization occurs at the same 

time as sedimentation, or by later replacement.

Plagioclase feldspars are the most abundant mineral group in many basalts. They occur 

both as ground mass and phenocrysts. Albite is the most common mineral in spilites. 

In many spilites it is common to find relict labradorite or andesine enclosed within 

albite. This relationship is considered evidence that the present composition is a result 

of a late magmatic metasomatic process in which the original rocks have been 

albitized to form spilites. In this reaction the formation of albite from plagioclase takes 

place without appreciable volume change. This reaction can be represented by:

CaNaAljSijOie + Na+ + - 4  2 NaAlSi3 0 g + Ca+" + AP"

In other spilites there is no textural evidence that albite is not a product of normal 

magmatic processes, and formed from residual igneous fluids derived from olivine 

basalts or tholeiitic basalt. Plagioclase minerals are the most abundant constituents of 

plutonic rocks. Feldspars of the calc-alkaline rock series include almost the whole 

range of plagioclase feldspars. The plagioclase minerals in pegmatites are generally 

albite, while those in anorthosites vary widely in composition. When metamorphic 

rocks of the amphibolite facies are subject to further increases in pressure and 

temperature, the granulite facies is reached and anorthite is formed:

Ca2Mg3Al4SiA2(0H)2 + SiÔ  -4 ZCaAl̂ SizOg + 3MgSi03 + Ĥ O 

amphibole
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When rocks of the amphibolite facies are effected by increasing temperature and 

decreasing pressure, the rocks enter the pyroxene homfels facies. Pyroxene is unstable 

in this facies and breaks down to form plagioclase. This is expressed by the equation:

NaCa2Mg3Fe^^Al3Si6022(0H)2 + 4Si02 NaA lSi30 , + CaAl2Si20g + CaMgSi20ô +  

amphibole Mg2 FeSi3 0 g + H2 O

Plagioclase is also an important product of the thermal metamorphism of impure 

limestone. The plagioclase of thermally metamorphosed impure arenaceous sediments 

form from the recrystallization of detrital feldspars. Calcium plagioclase also occurs 

in some stony meteorites.

4.3 Approach and Organisation of Thesis.

The layout of this thesis can be summarised as follows. In chapter 2 the crystal 

chemistry is described. Starting with the general composition of feldspars given by 

MT^Og, the chapter describes the topology of the aluminosilcate framework and the 

effect that the M cation and aluminium-silicon distribution has upon it. This is 

followed by a description of Landau theory and its application to structural phase 

transitions. In Chapter 3 a detailed description of the development of diamond anvil 

pressure cells (DACs) is given, including the advantages and disadvantages of each 

type of DAC. This is followed by a step by step description of the operation of DACs 

including collection of diffraction data, and pressure measurement. The second half 

of this chapter involves the development of an external heating device, and the 

adaptation of a DAC, in order to carry out high pressure-temperature experiments. 

This is followed by a step by step description of the operating procedures.
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Chapter 4 describes a number of high pressure, single crystal, X-ray diffraction 

experiments, carried out to determine to the compressibility of a selection of feldspars. 

Analysis of the unit-cell data from the experiments, and the use of previously 

published unit-cell data, allowed the Mumaghan equation of state to be fitted to the 

volume pressure data, and a bulk modulus obtained for each crystal structure. This is 

supplemented by a comparison of the unit-cell parameter, and strain tensor changes 

with pressure. Chapter 5 describes how the PI-II phase transition in anorthite was 

reversed in situ at high pressures and temperatures. In Chapter 6  the high pressure, 

single crystal. X-ray diffraction experiments on sanidine and microcline feldspars are 

described. Analysis of the changes in the unit-cell parameters with pressure leads to 

a discussion on the phase transformations of alkali feldspars at non-ambient 

conditions. In chapter 7 the various conclusions are drawn together and a number of 

suggestions made for future research.
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2. Feldspar Crystal Chemistry.

2.1 Introduction.

The crystal structure of feldspars are composed of an aluminosilicate framework 

whose interstices are occupied by alkali and alkali-earth atoms. The general 

composition is given by MT^Og, where T stands for atoms capable of tetrahedral 

coordination with oxygen (usually A1 or Si, but also B, Fe^ and others). Each 

quadruply-charged silicon atom balances electrostatically the four half oxygens in its 

tetrahedron, but each aluminium centred tetrahedron is unbalanced by one charge. 

Charge balance is maintained by the introduction of large metal atoms (M) into the 

interstices. The structure is composed of a linkage scheme in which the AIO4  and SiO  ̂

tetrahedra share comers in a 3-D continuous framework (Machatschki, 1928).

At lower temperatures the truly stable structures have ordered arrangements of T 

atoms. Ordering patterns are different for the AlSi^ and AljSij frameworks and the 

latter cannot be obtained by mere replacement of aluminium for silicon. At higher 

temperatures the T atoms in the AlSi, become strongly disordered while the T atoms 

in AljSij stay strongly ordered. The crystal symmetry is controlled by both the 

arrangement of T atoms, and the tendency of the frameworks to distort to a lower 

symmetry configuration due to collapse around the small M cations.
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2.2 Topology of the Aluminosilicate Framework.

Taylor (1933) was the first to envisage the actual topology of framework structures. 

Taylor noted that, by use of pseudo-tetragonal axes [100], [010] and [102], the 

feldspar lattice could be divided into boxes separated by mirror planes and pairs of 

two-fold rotation axes. Taylor found only one way in which the four key structural 

tetrahedral units could fit into the box whilst obeying the symmetry and having 

reasonable bond lengths. The four-membered rings of TO4  tetrahedra, when comer- 

shared with similar rings, form double crankshaft chains parallel to the fl-axis (Figure 

2.1). From Figure 2.1 it can be seen that there are two types of four membered rings 

in the chain, one normal to the 6 -axis and the other approximately normal to the a- 

axis.

When viewed down the a-axis a four membered ring consists of two pairs of non- 

equivalent Ti and Tj tetrahedra, one T -̂Tg pair with apices pointing upwards and the 

other with apices pointing downwards (Figure 2.2). Figure 2.3a shows the actual shape 

of a sheet in feldspars. The projection was made onto the (201) plane deHned by the 

[010] and [102] zone axes using the oblique a-axis for projection. Each double 

crankshaft is represented by a four membered ring composed of two tetrahedra of type 

Ti and two of type T2  shown at the intersection of lines. The solid and hatched circles 

show oxygens of type B pointing upwards and downwards respectively. The double 

crankshaft chains are cross-linked through the A(l) oxygens (on a two fold axis) and 

A(2) oxygens (on mirror planes), to form a sheet of comer linked tetrahedra. Figure 

2.3b shows a schematic representation of a tetrahedral sheet in the feldspar stmcture 

showing a skeleton composed of lines joining the tetrahedral nodes, plus the symbol 

U or D to show upward or downward pointing tetrahedra.
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Figure 2.1: Perspective drawing of the double crankshaft chain in feldspars. (After 
Taylor, 1933)
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Figure 2.2: Projection down the û-axis of the crankshaft chain in feldspars. (After 
Taylor, 1933)
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Figure 2.3: Nature of the sheets of tetrahedra lying perpendicular to the double
crankshaft chains in feldspars. The actual shape of a sheet in feldspar. The 
projection was made onto the (201) plane defined by the [010] and [102] zone axis 
using the oblique axis a for projection. Each double crankshaft is represented by a 
four-membered ring composed of two tetrahedra of type Tj and two of the type Tj 
shown at the intersection of lines plus the oxygen atoms as circles. The solid and 
hatched circles, respectively, show oxygen atoms of the type B pointing upwards or 
downwards. The 4-membered rings of tetrahedra are joined by oxygen atoms of the 
A(2) on mirror planes (m) and oxygens of the type A(l) on the 2-fold axis, (b) 
Schematic representation of a tetrahedral sheet in the feldspar structure showing a 
skeleton composed of lines joining the tetrahedral nodes plus the symbol U or D to 
show an upward or downward pointing tetrahedron. (After Smith, 1974)
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Megaw (1974) constructed a conceptually simple diagram for the structure orientated 

normal to the 6-axis (Figure 2.4). Figure 2.4a shows the symmetry elements of C2/m 

in the feldspar unit cell. There are mirror planes parallel to the paper and a rotation 

diad axis perpendicular to them, intersecting the planes in centres of symmetry, one 

of which is taken as the origin. The unit cell contains four formula units of MT^O,. 

The general position of symmetry-equivalent atoms in space group C2/m is 8-fold. 

Figure 2.4b shows a projection of the unit cell onto the (010) plane. The origin of the 

coordinates is in the lower right hand comer of the cell. Tj atoms are inserted at x=0, 

z=0.25 and the position derived from this by the rotation diad, x=0, z=0.75. These are 

at a height of y-0.15. The four membered ring is repeated at the opposite end of the 

cell by the a-translation vector. When oxygen atoms are added (Figure 2.4c), the 

partial projection shows that the Og and Oq atoms are on the sides of the horizontal 

four ring, Oq is on the side shared with the vertical four ring. Oc is on the vertical 

side of the vertical four ring, which is centrosymmetric. 0^(2) is on the mirror plane, 

near the T2 -T2  join, and 0^(1) on the diad axis, on the projection of the Tj-Tj join. 

The M cation lies on the mirror plane at y=0, lying on the straight line between 0^(2) 

and the 0^(1) of alternate four rings. The 0^(1) is at a height y-0.15, below it is the 

mirror plane containing 0^(2) and M. Figure 2.4d is a perspective diagram showing 

the "crankshafts" reflected by (010) mirror planes at y=0.25, 0.75. Solid lines join T 

atoms, Oa(2) atoms lie on dotted lines joining one crankshaft to its mirror image, and 

0^(1) oxygens are represented by circles.

A more physically informative way of looking at the feldspar structure is to use partial 

perspective views of ideal tetrahedra. These structures are based on an approximation 

that all tetrahedra are regular and identical in size, and also that the four tetrahedra 

rings are configured in a way to retain diad axis symmetry. Four edges of different 

tetrahedra form a square lying in (010). Two tetrahedra, T ,̂ related by the diad axis, 

each have a face lying on (010) and a vertex pointing upward from it. The other two, 

T2 , each have an edge perpendicular to (010) (Figure 2.5a).
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Figure 2.4: Projection of unit-cell of feldspar on (010). (a) Symmetry elements of 
aristotype. (b) T atoms and linkage, (c) Complete T-O framework and M cation, (d) 
Schematic perspective diagram showing the crankshafts. (After Megaw, 1974)
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Feldspar building block - -  four-fold
tetrahedral ring
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(b) Two views of crankshaft linkage of four-m em bered rings

Figure 2.5: Perspective views of the tetrahedral framework showing idealized cell 
edges expressed in terms of the geometry of regular tetrahedra. (After Ribbe, 1983)
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If a similar four-ring is turned upside down and adjusted until the two lower vertices 

coincide with the two upper vertices of the first ring, a secondary four ring is formed. 

Repetition of this operation forms the crankshaft (Figure 2.5b). The model described 

here is a very simplified one and a number of possible modifications in actual feldspar 

structures must be noted:

1) The orientation of the tetrahedra may not be as perfect as shown in the

diagrams.

2) The tetrahedra are not always the same size as a result of either containing

different atoms, or the oxygens atoms having a variety of bonding 

environments.

3) The Tetrahedra are not always regular in shape. Regularity is judged by 0 - 0  edge

lengths, or by T-O bond lengths and O-T-O bond angles.

2 3  The M Cation Environment.

In the ideal model, M has seven possible neighbours, one 0^(2) and two each of 

Oa(1), Og, and Oq (Figure 2.6). In real feldspars one must also take into account the 

two Oc’s of the Tg tetrahedra joined by 0^(2), which are brought nearer to M by the 

Tj tilt. In all feldspars, the M-0^(2) distance is very small. Each M is being pushed 

against its neighbouring 0^(2) by the electrostatic repulsion of the other M, but the 

0^(2)'s cannot move further apart without distorting the aluminosilicate framework 

which links them. In the plane normal to [(X)l] the cation is held in position by 0^(2) 

and two Oa(1)’s, the Oc’s in this plane are not essential. Perpendicular to this, 

approximately parallel to the plane (1(X)), are the two Og’s and the two O^’s (Figure 

2.6). In structures with monoclinic symmetry both the Og’s and the O^ s are 

equivalent and thus there is a greater chance that the M cation environment will be 

unbalanced. If the mirror plane is lost it is possible that there may be a reduction to
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three neighbours in this plane.

« A I

Figure 2.6: Environment of the M cation, in the feldspar aristotype in projection on 
(010). Neighbours of M which lie above and below the mirror plane at Y=0 are shown 
by double circles; M and OAj lie in the mirror plane. OC is displaced for clarity. 
(After Megaw, 1974)
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The idea of comparing an aluminosilicate framework to an engineering structure was 

first proposed by Megaw et al. (1962) to explain the geometrical features of the 

structure of anorthite and other feldspars. Entrance of large M cations into the 

interstices involves only a small deformation of the aluminosilicate framework, whilst 

the introduction of small atoms involves a large deformation. The effective ionic radii 

(taken from Shannon and Prewitt, (1969) radii for eight coordination) of a number of 

cations are as follows:

K:1.51A Na;1.16Â

Ba:1.42Â Ca;1.12Â

Sr:1.25Â Rb:1.60Â

To understand how distortions affect the aluminosilicate framework, it is useful to 

consider the environment of the M cation, for example, the K cation in high sanidine. 

Figure 2.7 is a projection of a high sanidine down the c-axis onto the a* b* plane. This 

part of the structure is chosen to illustrate the bonding between K and O atoms. The 

K cation has nine nearest neighbours as described earlier. A notable feature of the 

aluminosilicate framework cation-oxygen bonding is the shared edge of the oxygen 

polyhedra of the two cations joining the two central 0^(1) atoms. Each coordination 

polyhedra around the K cation has three other types of shared edges. The 0^(1 )-Oc 

edge shared with the Tg tetrahedron, and the 0^(1 )-Ob and 0^(1 )-Od edges shared 

with two different Tj tetrahedra. Each of the shared edges occurs twice per polyhedron 

to satisfy the mirror plane. For M atoms smaller than K, the aluminosilicate 

framework deforms. The triangle of atoms in the plane perpendicular to [001] is 

retained, but as these three oxygen atoms approach the small M cation, at least two 

of the Og, Oc and Gq atoms are forced away to greater distances while several 

approach to shorter distances. This necessitates loss of the mirror plane of symmetry.
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Figure 2.7: The environment and bonding of K atoms in high sanidine, as seen in 
projection down the c-axis. The heights of atoms are given in percentage of c. The 
potassium-oxygen bonds are shown by dashes. The heavy dashes showing the shortest 
distances to A2  and A, oxygens. Oxygen edges shared between polyhedra are shown 
by dotted lines. (After Smith, 1974)
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The engineering model by developed by Megaw et al. (1962) has been of great use 

in developing the understanding of the complex aluminosilicate framework geometry. 

Figures 2.8 and 2.9 are stylized diagrams of part of the anorthite structure. The 6-axis 

projection (Figure 2.8) includes all atoms except Oc, and shows the pseudosymmetry 

which exists within a (010) slab of the structure bounded approximately by y= ±0.3. 

To this approximation, atoms Og and O^ are equivalent, and symmetry is 

orthorhombic, atoms Ca, 0^(1) and 0^(2) each lying at the intersection of two mirror 

planes. The slab is built from a double sheet of T-O tetrahedra, each sheet containing 

four-membered rings bound tightly to rings in the other sheet by a complex system 

of cross-girders emanating from Ca and 0^(2). Figure 2.9 shows the linkage between 

one slab and the next, between the upper rings of the slab in Figure 2.8 (centred on 

y=0) and the lower rings of the one above it (centred on y=0.5). The linkage is 

through Oc- The orthorhombic pseudosymmetry has disappeared. Atoms O^ are 

topologically distinguished from Og by their participation in a four membered ring 

with Oc, which stands in a vertical plane linking the layers. The repeat distance in the 

X* direction is determined by two different links, represented in Figure 2.8 and 2.9 by 

heavily drawn lines E-(F,F’) and G-H respectively. For equilibrium the engineering 

approach of Megaw et al. (1962) requires that the stresses in E-(F,F’) and G-H must 

be equal and opposite. However, the shortness of the Ca-OA(2) bond must mean that 

E-(F-F’) is in compression and hence G-H must be in tension. Megaw et al. (1962) 

assumed that the tension would affect bond angles rather than bond lengths. Negative 

strains are expected in the angles shown in Figure 2.10, whilst negative strains are 

expected in T2 (BD) and T2 (AC), the latter rotating the bond TyC^ downwards towards 

the plane of the paper.
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Ca 0 ,( 1 ) Ca

Figure 2.8: The engineering model of feldspar, a projection down 6o f a  slab bounded 
by y=±0.3. The T, O and Ca atoms are shown by large dots, open circles and speckled 
circles respectively. The OAj atoms are shown by concentric circles. Light dashes 
show Ca-OA^ bonds. Heavy dashes show the outline of the feldspar unit-cell. (After 
Megaw et al., 1962)
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X

Figure 2.9: The engineering model of feldspar; skeletal diagram with T and O atoms 
as small dots, and showing how the slabs are linked to form a framework. Note the 
region G-H is interpreted to be under pressure. (After Megaw et al., 1962)
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Figure 2.10: The engineering model of feldspars; details of the G-H linkage in Figure 
2.9. The marked angles are interpreted to increase to compensate for short Ca-O 
bonds. (After Megaw et a i, 1962)
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The next step is to examine what distortions follow as a result of the small Ca radius. 

In the (001) plane, the approximation of Figure 2.8 shows that Ca has four equidistant 

Ob and neighbours, which cannot all come into contact with it because they are 

impeded by Oa(1) and 0^(2). For the larger cations K and Ba, the Og and Og 

neighbours can remain close and the cation remains on, or close to the mirror plane. 

The smaller Ca moves off the symmetry plane along one diagonal of the square Og 

Od Od Og, and these 0*s then readjust themselves so that three make good contact and 

one is pushed right out, its bond angle increased to 170* in the process. The 

displacement of oxygen atoms cause stresses in the framework which cannot be 

accommodated by strains in the nearest T-O bonds and T bond angles. The tetrahedra 

are rotated or displaced, and transmit part of the strain to their neighbours. This model 

was particularly useful in predicting feldspar framework behaviour. However, the 

assumption that T-O-T bond angles remain constant (due to the non-availability of 

unstrained comparison standards) means that the model needs further examination.

2.4 Aluminium-Silicon Distribution.

For a monovalent feldspar structure to possess the space group C2/m the sites T̂  and 

T2  each need 8 equivalent atoms; which for an ordered distribution is impossible in 

both alkali and plagioclase feldspars. In alkali feldspars with Al:Si=l:3 there are three 

different types of Al-Si distribution as illustrated by the K-feldspars:

1) Random assignment of aluminium and silicon to all the T sites giving average 

occupancies 0.25 Al, 0.75 Si in both the T̂  and Tj sites. The random distribution 

means that monoclinic symmetry is maintained, as in sanidine.
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2) Tj and 7% are not related by symmetry in the C2/m structure and thus can accept 

different amounts of aluminium. It is quite common to find Tg completely occupied 

by silicon and Tj occupied at random by equal amounts of silicon and aluminium, as 

in orthoclase.

3) Complete ordering of the 1 Al 4-  3 Si cannot be achieved over the symmetrically 

distinct sites, and 7% in monoclinic feldspars. Ordering, therefore requires loss of 

the mirror plane and diad axis, reducing the symmetry to triclinic, with space group 

C l. Each 8-fold site breaks up into two independent sets, distinguished by the letters 

o (original) and m (mirror). In triclinic feldspar 7j(m) is not symmetry related to 7^(o) 

and thus can have a different aluminium occupancy. In ideal microcline, all aluminium 

is in 7j(o), and none in 7j(m), 7j(o), or 7g(m). 7he lowering of symmetry leads to the 

breaking up of all 8-fold sets of sites in the monoclinic structure, into two independent 

4-fold sets in the triclinic structure. 7hus, we have Og(o) and Og(m), Oc(o) and Oc(m), 

Od(o) and Oo(m). 7he loss of symmetry between (o) and (m) affects atomic 

occupancy and also relative atomic position. All the previously paired positions can 

have independent shifts.

A further complication to the distribution scheme in feldspars with only divalent 

cations, is the aluminium avoidance rule (Loewenstein, 1954). 7o satisfy the rule with 

a 1:1 ratio, Al and Si must have regular alternation throughout the structure. Figure 

2.11 indicates the problem of trying to fit alternating Al and Si in a unit cell with ~7Â 

c-spacing. 7here is only one way to fit all the aluminium atoms into the structure 

whilst preventing violation of the aluminium avoidance rule. It can be seen from 

Figure 2.11 that the unit cell becomes double that of the original cell in the z direction 

and has a -14Â c-axis lattice repeat. 7he symmetry equivalent set 7,(0) of the 

aristotype are split into two sets 7j(oo) and 7j(oz), the latter derived from 7j(oo) by 

an approximate half lattice translation in the z direction. A c-glide replaces the mirror 

plane and thus 7i(oo) and 7 ;(mo) are independent, but 7^(oo) and 7j(mz) are
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symmetry related if the symmetry remains monoclinic, eg in SrAl^SizOg (McGuinn and 

Redfem, 1993).

oo)

[or

Figure 2.11: Schematic diagram of linkage pattern of tetrahedra projected on (010), 
showing Al distribution in (a) anorthite, (b) microcline and low albite. The two halves 
of the unit-cell are drawn separately, for clarity. (After Megaw, 1974)
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This difference in ordering patterns between albite and anorthite, results in the 

unmixing of intermediate plagioclase at low temperatures. Homogeneous intermediate 

plagioclases have varying Al:Si ratio from 1:3 (albite) to 1:1 (anorthite). At the albite 

rich end ordering follows albite and has a unit cell with a c-axis of -7Â. At the 

anorthite rich end the c-axis doubles to -14Â.

The effect of Al, Si order-disorder on the size of the tetrahedra and thus upon the 

lattice parameters also needs to be considered. Smith (1954) proposed a linear 

relationship between the grand mean T-O distances, averaged over all the tetrahedra 

in the unit cell, and average Al content of the tetrahedra. Smith and Bailey (1963) 

made this specific for feldspar structures. It was agreed that feldspar structure 

refinement could yield Al site occupancy in two ways:

1) Al content can be deduced indirectly from mean T-O bond length, because Al is

larger than Si.

2) Al, Si can be refined directly from different scattering powers of Al and Si for X-

rays and neutrons.

A number of equations were derived using these assumptions, in order to calculate the 

Al content T̂  of an individual tetrahedron from the mean of its four T-O distances, 

<T;-0>. Kroll and Ribbe (1983) concluded that a linear model was inadequate for a 

number of reasons; possibly the most important of these being the Al/(A1+Si) ratio. 

<Al-0> distances are -0.13Â longer than <Si-0>, but an individual Si-O bond will 

be -0.03Â longer if the oxygen atom is bonded to another Si atom, rather than Al 

atom. The coordination of the oxygen to 0, 1 or 2 K, Na and or Ca atoms has a 

further effect and according to Ribbe et al. (1974), T-O-T angles are also significant. 

A detailed study of the structural variation associated with order-disorder behaviour 

in anorthite-rich feldspars was carried out by Angel et al. (1990). This study, using 

multiple regression analysis concluded that Al, Si occupancy is the most important
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factor in determining T-O bond lengths, but there are also a number of significant 

secondary factors, these include:

1) As reported by Kroll and Ribbe (1983), the T-O bond lengths are influenced by Al, 

Si content of the second tetrahedral site to which the oxygen is bonded (for bond 

lengths see above). However, it was found that the grand mean bond lengths « T - 0 »  

are invariant with the thermodynamic order parameter Qqd, thus demonstrating that 

the linkage factor is internally compensated within each tetrahedra for both II 

feldspars and Cl albites.

2) Bonding of extraframework cations to the bridging oxygens tends to increase T-O 

bond lengths. Brown et al. (1969) demonstrated the correlation between T-O bond 

lengths and the number of cations bonded to the oxygen, whilst Fleet et al. (1966) 

demonstrated the link between T-O bond lengths and M-O distances. The two terms 

can be combined to characterize the total bond strength sum to the oxygen (Wenk and 

Kroll, 1984; Geisinger et al. 1985).

3) Phillips et al. (1973), Gibbs et al. (1981), Wenk and Kroll (1984), Geisinger et al. 

(1985) and Angel et al. (1990) demonstrated the inverse relationship between T-O 

bond lengths and T-O-T angles in framework silicates. Gibbs et al. (1981) stated that 

"the Si-O bond length is observed to shorten by a small but significant amount, when 

the Si-O-Si angle widens". Molecular orbital calculations show that T-O bond overlap 

populations increase nonlinearly with increasing T-O-T angle (Gibbs et al., 1972; 

Geisinger et al., 1985). The relationship can be linearized when the overlap 

populations are plotted versus sec(T-O-T) (Gibbs et al., 1972) or versus (l-sec(T-0- 

T))'^ (Newton and Gibbs, 1980).

4) Geisinger et al. (1985) also suggested that a function of O-T-O bond angles can be 

correlated with T-O bond lengths.
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2.5 The Landau Theory of Phase Transitions.

2.5,1 Introduction,

When calculating the stability fields of different materials one must be aware that are 

two broad categories of reactions. The first type of reaction are heterogeneous 

reactions between unrelated phases. The second type involve reactions that occur 

within individual phases and includes displacive transitions and cation ordering. It is 

not uncommon to find that the reactions are on a similar energy scale and thus internal 

effects can have a profound influence on the equilibrium boundaries of heterogeneous 

reactions in P-T space. Landau theory has been used to provide the basis for a unified 

thermodynamic treatment of structural phase transitions in materials.

Landau theory is applied at a macroscopic level and relates many of the physical 

properties of material through the order parameter Q (Landau and Lifshitz, 1980). The 

principal element of the theory is a Gibbs free energy expansion which has the form 

of a Taylor series in Q. Variations in Q are followed indirectly by measuring 

properties such as excess heat capacity, excess enthalpy, and lattice strain. For more 

advanced systems the simple Landau theory is not sophisticated enough to describe 

the behaviour of certain materials. In these cases it may be necessary to include the 

effects of coupling between two or more order parameters.

2,52 The Order Parameter,

Central to Landau theory is the concept of an order parameter. The order parameter, 

is usually designated as Q and scaled to vary between 0 in the high temperature, high 

symmetry form, and 1 in the low temperature, low symmetry form. It's behaviour is 

subject to strict symmetry constraints. The value of Q is obtained by reference to a

46



property of the material which reflects the full extent of the transformation; for 

example, in a ferroelastic phase transition it might be lattice strain or birefringence. 

The measured physical property is not necessarily directly proportional to but is 

also controlled by symmetry rules. For example, if the change in birefringence during 

a cubic—̂tetragonal transition is measured in the xz plane it is proportional to jÿ  rather 

than Q. The reason for this, is that strict symmetry rules define the form of the order 

parameter in relation to the symmetry change. The definition of the Landau order 

parameter has a rigorous theoretical basis in terms of the symmetry relations between 

high and low temperature forms. Standard tables are used to deduce the correct order 

parameter and its relationship to certain physical properties for given symmetry 

change.

In some cases the macroscopic order parameter can be understood in terms of 

microscopic structural changes. For example, if we consider the case of the cubic to 

tetragonal transition which takes place in the perovskite SrTiOg on cooling, we can see 

that the transition occurs by displacement of the oxygen atoms from their high 

symmetry positions. Alternate TiO^ octahedra, rotate in opposite directions about a 

[001] axis in one layer of the structure whilst in the next layer the rotations have the 

opposite sense. The angle of rotation, <)), is a measure of the average displacement of 

the oxygen atoms and therefore corresponds to the order parameter. Studies carried out 

by Muller et al. (1968) indicate that <|), and hence Q, decrease smoothly to zero as the 

material is heated to the transition temperature of 105 K. The direct measurement of 

the (j) angle as a function of temperature requires a full structure determination at a 

number of points on the temperature scale. However, a more convenient method of 

observing the transition, is to measure the change in lattice parameters which 

accompany the transition. Rotation of the TiOg leads to a change in the shape of the 

unit cell that is proportional to cos (j). For small rotations this may be expanded as:
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[l-(4>:/2)]

(2.1)

This means that the rotation angle reflects Q directly, and the associated lattice 

distortion (the spontaneous strain) varies with Spontaneous strain is an excess 

quantity which is always measured relative to an undistorted cell at the same 

temperature or pressure. In the case described above, the cubic phase has a lattice 

parameter whilst the tetragonal phase has parameters a and c. The spontaneous 

strain is expressed as:

(2.2)

For more complex sdiictures the microscopic mechanisms may not be so clear, 

although the macroscopic analysis can still be carried out it if the symmetry change 

is well defined. Standard tables are used to check the correct form of order parameter 

and its relationship to given properties and symmetry changes (Tolédano and 

Tolédano, 1980; Stokes and Hatch, 1988; Salje, 1990). For order/disorder transitions 

the order parameter can be defined in terms of crystallographic site occupancies. A 

general definition of Q for a material containing equal proportions of A and B would 

be:

(2.3)
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As and are the average proportion of A and B atoms occupying s sites, and A,' and 

Bg, are proportions occupying s' sites. The s and s' sites are related by symmetry in the 

high symmetry phase, but unrelated in the low symmetry phase. Once the relationship 

between the measured property and the order parameter Q has been established, the 

next step is to describe how the excess free energy G is related to the order parameter 

(2.

2.5 J  Landau Free Energy Expansions,

Landau and Lifshitz (1980) proposed that the excess free energy due a phase transition 

can be described as polynomial expansion of the order parameter Q\

2 3 4

(2.4)

where a . A, B, b, etc are coefficients which may or may not depend on material 

properties and variables such as pressure and temperature. The stable state of a crystal, 

specified by must be at a minimum in G with respect to Q, i.e.:

^ = 0
dQ

(2.5)

and:
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^ > 0

(2.6)

In the high symmetry form Q=0 and these criteria are satisfied. In the low symmetry 

form and the equilibrium criteria can only be satisfied if the linear term is absent 

and A is positive. If A is negative, Q must be greater than 0, and thus the low 

symmetry form is stable. As the temperature falls, the sign of A crosses over from 

positive to negative at T = T .̂ The temperature dependence of A is expressed as a 

linear function of temperature (Landau and Lifshitz, 1980), i.e.:

(2.7)

The free energy expansion then becomes:

(2.8)

An interesting aspect of Landau theory is that it predicts the symmetry conditions 

necessary for a phase transition to be second order i.e. one in which Q varies 

continuously between 0 and 1. The condition dGldQ=0 is satisfied by two values of 

Q, Q=0 and Q=-Blb (if terms above Q* are insignificant). This is not consistent with 

a continuous change in Q, and therefore the third order coefficient must be zero. In 

fact, all odd coefficients must be zero if the second order conditions are to be obeyed.
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and if odd order coefficients are present the transformation must be discontinuous. 

When odd order terms are absent the free energy expansion becomes:

2 ^ 4 6

(2.9)

Three cases are usually considered. Firstly, if b is positive and the sixth-order term is 

negligibly small, the expansion describes a second-order transition. The equilibrium 

value of Q can be found from :

Therefore:

a(T-T^Q+bQ> =  0
dQ

(2.10)

(?=

(2 .11)

By definition Q=l at T=0, therefore alb = l/T, and thus:

<3=
(T-T) (r<r_)

(2.12)
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with p=l/2. Substituting the value of Q into the free energy expansion we obtain 

temperature dependence for the excess free energy of the low symmetry phase:

(2.13)

From this equation other excess thermodynamic quantities can be derived. The excess 

entropy due to the phase transition is given by:

5= ~dG \dr =
2b 2

(2.14)

The excess enthalpy is given by:

G+TS =

(2.15)

The excess heat capacity is given by:

c = T.— = —.r 
f d r  2b

(2.16)

When b is negative, both a and c must be positive, the sixth order term being required
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to obtain a free energy minimum in the low temperature phase when Q>Q. The 

equilibrium condition yields:

a{T-T^Q^bQ^^cQ' =  0
dQ

From which:

(2.17)

-b±[b^-Aac(T-T^]
<?"= 2c

(2.18)

This expression describes a discontinuity in Q at the transition temperature and hence 

the transition is thermodynamically first order. The equilibrium transition temperature, 

is given by:

(2.19)

A jump in the order parameter occurs at from Q=0 to Q=Qo where is given by:

<?.=*

(2.20)
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The excess entropy is given by:

1 + 1-1
4

I T-T  ̂V

The excess enthalpy is given by:

z o

The latent heat associated with the transition is given by:

(2.21)

(2.22)

(2.23)

Finally, if 6=0, c is positive and the higher order terms are negligible, the expansion 

describes a tricritical transition, with P=l/4.

G=iû(r-rp(?̂ 4‘<?* 2 6

(2.24)

Repeating the minimisation procedure and assuming T= da  we get:
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(?=

(2.25)

where P=l/4. The variation of Q with temperature is continuous between Q=0 and 

Q=l. The other excess quantities can be calculated as in the first and second order 

transitions, for example the excess entropy is given by:

The excess enthalpy is given by:

2 o

The excess heat capacity is given by:

(2.26)

(2.27)

C , = - ^ ( J - T ÿ
4 /7 ;

(2.28)
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2,5Â The Effect o f Pressure on Landau Free Energy Expansions.

Contained within the Landau free energy expansion is the contribution of the excess 

volume V, due to the transition and the pressure. When symmetry change is induced 

by varying the pressure, it may be informative to include the PV effect explicitly. This 

is achieved by expressing y  as a series expansion in Q:

(2.29)

The subscript v indicates that the coefficients are in units of volume. The linear term 

in Q must be strictly zero for Q=0, and the higher odd order terms must be zero if the 

transition is to be thermodynamically continuous. For a continuous transition:

(2.30)

Landau postulated that excess entropy due to a phase transition is proportional to ÿ  

and higher order terms are negligible (Landau and Lifshitz, 1980). Similar behaviour 

is expected when pressure is the principal variable, although it may be necessary to 

test this with experiment. The excess free energy for a continuous transition (assuming 

the higher order terms in the volume expansion are negligibly small) therefore 

becomes (after relabelling the volume coefficient):
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(2.31)

Rearranging this equation we get:

G = -d
/

1
T-

I a / 4

(2.32)

From this equation we can see that the temperature independent terms in give:

TI-T--P

(2.33)

Where is the transition temperature at zero pressure and T* is the transition 

temperature at non-zero pressure. The primary effect of changing pressure is to induce 

a linear change in the equilibrium transition temperature, with the slope dT*ldP, given 

by the ratio of Landau coefficients aja. The sign of may be positive or negative, 

depending on whether the excess volume is positive or negative. Experimentally a 

phase transition may be induced by varying pressure at constant temperature. If the 

experiment is carried out at an experimental temperature a transition pressure, 

is given by:
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Therefore:

The equilibrium condition ÔG/ÔÔ=0 yields:

(2.34)

(2.35)

(?=

(2.36)

Where p=l/2 if the transition is second order and (3=1/4 if it is tricritical. The same 

approach can be used to generate equivalent expansions and relationships for first 

order transitions with 6<0, oO . If excess volume is expressed as a function of 

alone, changing pressure will not alter the thermodynamic character of the phase 

transition, only the transition temperature is renormalised, providing the coefficients 

themselves are independent of pressure and temperature. If the fourth order term is 

significant, the free energy expansion becomes :
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.....

[ a ) 4 6

(2.37)

In this case, a change in pressure could result in a change in sign of the fourth order 

coefficient. For (b+bj^)>0, the transition is second order, for (b+b/*)=Oy the transition 

is tricritical, and for (b+b/*)<0, the transition is first order.

2.5.5 The Coupling o f  Q with Spontaneous Strain and Composition,

When a material undergoes a phase transition the different contributions to the free 

energy are contained within the coefficients in the Landau free energy expansion. As 

we have already seen with excess volume, it is possible to separate out the origins of 

the free energy components and include them explicitly. The spontaneous strain which 

accompanies a phase transition, and variations in composition across a solid solution 

are two such examples.

The importance of spontaneous strain, e, does not lie in its contribution to the overall 

energetics of a system, but in its role of providing both a mechanism for long range 

interaction in a material and a mechanism for coupling between different order 

parameters. In addition, it also provides an indirect measure of the behaviour of Q as 

a function of temperature, pressure and composition, e is defined as the part of the 

distortion of a material which results in the phase transition, and thus can be 

determined from measurements of lattice parameters and described formally by a 

second rank tensor (Aizu, 1970; Guimaraes, 1979; Tolédano and Tolédano, 1980; 

Bismayer and Salje, 1981; Salje, 1986; Redfem and Salje, 1987; Putnis et aL, 1987; 

Salje, 1990). For phase transitions in which more than one order parameter is
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operating, coupling of the individual order parameters to the common strain provides 

a mechanism of coupling between the order parameters. The Landau potential can now 

be expanded to include contributions from e explicitly (following Salje and Devarajan, 

1986) as:

(2.38)

The constants d and e are coupling constants, which express the strength of coupling 

of Q with e (linear coupling) and ÿ  with e (quadratic coupling), gives the elastic 

energy, which is usually written as:

(2.39)

where Q t are elastic constants and are elements of the strain tensor. For a 

transition with the critical point at the boundary of the Brillouin zone, linear coupling 

between Q and e is disallowed by symmetry (Tolédano and Tolédano, 1980). For a 

zone centre transition, linear coupling is allowed; in this case the quadratic term is 

usually insignificant. The equilibrium conditions are given by dGldQ=Q and dGldE^. 

Applying the condition dGldz-0 for a zone boundary transition, we get:

(2.40)
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and for a zone centre transition, we get:

- f
(2.41)

If we now substitute these two expressions into the initial expansion, the zone 

boundary free energy expansion is given by:

G=|a(r-r^(?*+i
.....

(2.42)

and the zone centre free energy expansion is given by:

G = i o f r - r - — .....
2 A 2 û / r  4 6

(2.43)

Any strain can be expressed as a second rank tensor (Nye, 1957). For tricritical 

feldspars, a suitable coordinate system (Redfem and Salje, 1987) has:

1) Y parallel to the b crystallographic axis.

2) Z parallel to the c crystallographic axis.

3) X perpendicular to both.

For this general orientation the relationship between strain tensor elements (X; to 

and the lattice parameters are given by (Redfem and Salje, 1987) as:
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_ ^ _ 1
û«sinY«

(2.44)

(2.45)

csing sinp*  ̂
c^sina  ̂ sinp*

(2.46)

x.= ccosa bcosa^ cosP* ocosY ^GOSY,\
stop' stop' sinp* siny^ K  )

ostoY cosP*
>

csing cosp*
*5

^a,stoy, stop'

1 ocosY 
[ a ^ y o

c„stoa, stop;^ 

fccosy '̂

(2.47)

(2.48)

(2.49)

a, b, c, a , P, and y  are lattice parameters of the low symmetry phase at a pressure and 

temperature. The lattice parameters of the high symmetry phase under the same P-T 

conditions are denoted by the "o" subscript. Strain is a symmetric tensor, and thus it 

usually refers to the principal axes, giving the principal strains Ej, &̂ d £ 3  along 

mutually perpendicular axes.
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2,5.6 Phase Transitions and Order Parameter Coupling.

Many materials undergo a series of phase transitions with varying pressure and 

temperature. In this case it is quite common to find that the order parameter of a 

particular phase transition does not conform to the temperature or pressure dependence 

predicted by the one order parameter Landau expansion. Studies first carried out by 

Salje et al. (1985) indicated that this may be due to the mineral structure experiencing 

coupling between more than one order parameter. The interactions can be expressed 

using a free energy expansion, giving the changes in free energy due to the order 

parameters and incorporating a coupling term. Strain coupling has been identified as 

the most important mechanism by which two order parameters can interact in 

framework structures such as feldspars. Carpenter (1992) gave an excellent description 

of the physical mechanisms behind order parameter coupling. The first phase transition 

causes a spontaneous lattice distortion. The second phase transition also causes a 

lattice distortion but this will be affected by the manner in which the lattice is already 

distorted. The order parameters for the two transitions Qi and Ô2 » influence each other 

through the distortions which are common to both.

2.6 Summary.

Figure 2.12 shows the sequence of phase transitions in feldspars. The highest 

symmetry is monoclinic with space group C2/m. This can be regarded as the parent 

structure from which all other feldspar structures can be derived. The structure has a 

tendency to collapse around the interstitial cation, if the cation is not large enough. 

There structure is also inclined to order the tetrahedral cations at lower temperatures. 

The sanidine structure has the A1 and Si tetrahedral cations distributed randomly, and 

a large K cation in the interstitial site. This prevents collapse of the framework 

structure and the structure retains C2/m symmetry. The sodium feldspar structure
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adopts CUm symmetry at high temperatures, but collapses around the small Na atom 

at lower temperatures, and adopts Cl triclinic symmetry. Below 700‘C Al,Si ordering 

begins and further distortion of the structure takes place without further changes in 

symmetry. At 450*C Al,Si ordering takes place in the K-feldspars. This causes the 

framework to crumple around the interstitial cation, and causes a change in symmetry 

to C l. Despite the fact that both these transitions from CUm to C l symmetry involve 

displacive collapse of the framework, there is also a strong coupling to the degree of 

Al,Si ordering.

In divalent feldspars the tendency to order the Al,Si atoms in the tetrahedra is much 

greater due to the aluminium avoidance rule. Thus, the structures of divalent feldspars 

are essentially ordered, and the c-axis is doubled. The doubling in itself constitutes a 

lowering in symmetry to I2/c. This is the case with celsian (BaAl^SigOg), in which the 

large Ba atom prevents displacive collapse of the framework. The small calcium atom 

in anorthite is unable to support the monoclinic structure. This causes the structure to 

collapse and adopt II symmetry. At temperatures below 240"C the structure undergoes 

further displacive collapse reducing the symmetry to PI.
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Figure 2.12: Sequence of the phase transitions in feldspars.
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3. Experimental Techniques.

3.1 High Pressure Experimental Techniques.

3J.1 Introduction.

The experimental techniques underlying high pressure research dictate how far, and 

how fast we can expand our knowledge concerning the behaviour of material at high 

pressures. Research in the period 1900-1950 was dominated by the Bridgeman anvil 

and piston cylinder device, which was developed to carry out resistance and 

compressibility measurements up to 10 GPa. The Bridgeman era was followed by that 

of Drickamer, who developed the ultra-high-pressure supported anvil devices for 

resistance. X-ray diffraction, and optical studies (Drickamer, 1965). These devices 

extended the experimental pressure range to tens of GPa. Improved versions of the 

piston cylinder and multi anvil device arc still in use today, and have become 

powerful tools in the study of phase transitions and material synthesis at high pressure 

and temperature.

The last thirty years have seen a quiet revolution taking place in high pressure 

generation techniques, resulting in the development of the diamond anvil cell (DAC). 

Lawson and Tang (1950) were the first to realise the potential of diamond to generate 

and contain hydrostatic or quasi-hydrostatic pressures. Diamond is the hardest 

substance known to man and is quite transparent to a wide range of the 

electromagnetic spectrum. The potential of diamond was forgotten until 1959 when 

Jamieson et al. (1959) and Weir et al. (1959) both published designs for two new 

DACs. The modem DAC as we know, it was thus bom. The majority of cells 

developed since, have been for the study of powder samples by either X-ray 

diffraction or by infrared and Raman spectroscopy. X-ray powder diffraction is a
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particularly valuable technique for high pressure studies, especially when it is 

necessary to achieve very high pressures not normally accessible by single crystal 

methods. However, X-ray powder diffraction cannot usually produce results as 

accurate, or precise as single crystal methods and the limitations can be severe when 

trying to determine subtle changes in crystal structures, or when examining low 

symmetry materials.

3.12 Diamond Anvil Cells.

The basic principles behind the diamond anvil cell (DAC) are very simple. All the 

diamond anvil cells used in X-ray diffraction employ the opposed diamond geometry 

(Figure 3.1). A sample is then placed between the parallel surfaces of the anvils and 

subjected to pressure when the anvils are forced together. When designing a DAC a 

number of criteria must be satisfied. The load must be applied gradually and remain 

constant throughout the duration of the experiment. If high pressures are to be attained 

the diamond anvil faces must be parallel and concentric in order to avoid gasket 

failure. The cell should be as small and lightweight as possible while offering 

maximum access to reciprocal space and ease of correction of diffraction data for 

absorption effects. Major differences in DAC designs for X-ray diffraction studies 

arise from the methods used to:

1) Align the diamond anvils.

2) Generate the load.

3) Orient the primary and diffracted X-radiation with respect to diamond anvils.
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Figure 3.1; Basic geometry of the Diamond anvil cell. Opposed diamond 
configuration, with metal gasket for sample confinement in a pressure medium.
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Accordingly we can divide DACs into six categories.

a) NBS cell.

The most widely used and adapted DAC design has been the National Bureau of 

Standards (NBS) lever arm cell (Weir et al., 1969). In order to increase the reciprocal 

space accessibility the cell was originally made entirely of beryllium, save for the 

diamond anvils and gasket. This design was later to prove too costly and the cell was 

redesigned to employ steel components (Piermarini and Block, 1975). The principle 

employed to generate force is a spring lever-arm assembly (Figure 3.2). Force is 

produced by compressing Belleville spring washers by the turn of a screw. The spring 

lever-arm arrangement generates a uniform and continuously varying force as the 

screw is rotated. The spring washers, it was later found, could be used in either series 

or parallel, depending on the nature of the experiment. The applied load is magnified 

by a factor of two on being transmitted via the lever-arm system to the pressure plate 

which bears against the extended piston containing one of the diamond anvils. In order 

to provide adequate support for the table of each diamond anvil, the translating mount 

plate and tilting mount hemisphere were fabricated from 4340 alloy steel and heat 

treated to ensure extra hardness. The aperture at the base of the translating mount plate 

has the shape of a truncated cone with a 30* apex angle, but with a slight step at the 

immediate base to provide additional support. In the tilting mount hemisphere the 

angle is 2 0 * to provide maximum load bearing surface for the hemisphere in the 

socket. The diamond anvil mounted in the hemisphere can be tilted by three 

symmetrically placed adjusting screws to obtain parallel anvil flats as determined by 

optical interference fringe patterns. The diamond mounted in the translating mount 

plate is positioned in axial alignment by three adjusting screws located about the anvil 

axis. A further improvement to NBS cell performance was made by Mao and Bell 

(1978a). The bigger body and longer lever-arm system facilitated the generation of 

larger forces, and a long piston-cylinder assembly combined with boron carbide 

mounts ensured excellent diamond anvil alignment. Mao and Bell (1978b) reported 

attainment of a pressure of 1.7 Mbar.
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Figure 3.2: Sectional view of the National Bureau of Standards ultrahigh-pressure 
DAC developed by Piermarini and Block (1975). On the right is an enlarged view of 
the anvils.
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However, this design severely limits access, so it is less than ideal for single crystal 

studies; also the small samples required for higher pressures are too small for current 

single crystal X-ray diffraction experiments, and so pressure is limited to < 200 GPa. 

This means the improved alignment of the diamond anvils is not necessary.

b) Fourme pneumatic cell.

One of the very first high pressure cells designed specifically for single crystal work 

was Fourme’s (1968) cell (Figure 3.3). The cell was fitted to a standard precession 

camera and the force applied by means of pneumatic device. The major advantage of 

the cell was large volume of reciprocal space available for photographic study. The 

major disadvantage of the cell was that its size, weight and loading mechanism meant 

it was not easily adapted to any apparatus other than the precession camera.

%

Figure 3.3: Pneumatic pressure cell of Fourme (1968). 1) ring piston; 2) compressed 
nitrogen inlet; 3) rubber sheath; 4) heater; 5) movable rubber ring; 6 ) diamonds; 7) 
beryllium backing plate; 8 ) piston; 9) backing plate adjustment screw; 10) 
thermocouple.
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c) MerrilUBassett miniature cell.

The success of the NBS cell encouraged a number research groups to generate high 

pressures using the same basic principles, but adapting the instrumentation. The NBS 

cell had only been used with the precession method due to its awkward size and 

limited access to reciprocal space. Data collection using the precession method 

requires layers of reciprocal lattice planes for interpretation. Orientation constraints 

imposed by crystal cleavage meant that the interpretation of some materials became 

difficult, and lead Merrill and Bassett (1974) to design and build the miniature DAC. 

Merrill and Bassett (1974) wanted to design a cell that would be small enough to 

mount on a standard goniometer head and meet the specifications of space 

requirements demanded by a precession camera, as well as a single crystal orienter 

diffractometer. The criteria were satisfied by a design in which the diamonds were 

placed on two small platens that are pulled together by three screws. Materials used, 

included stainless steel for the platens and beryllium disks to support the diamonds. 

The assembled cell (Figure 3.4) was much more compact than any previous cell 

design, its dimensions being 32 mm by 15.9 mm. The X-ray beam can enter and exit 

in a cone of 50* half angle which in specialized cases permits the measurement of 20 

up to a maximum of 100*. The size and simple operation of the Merrill-Bassett are 

gained at the expense of precise diamond alignment. Hazen and Finger (1982) 

described a number of modifications to the alignment pins and operating procedures, 

that increased the safe operating range from 45 kbar to 70 kbar. A recent introduction 

to this DAC generic type has been the DXR-4 cell (Angel et al., 1992) (Figure 3.5). 

Design improvements include: replacement of the three pressurising screws by two 

counter-threaded screws, an improved mechanism for diamond alignment, 

hemispherical beryllium backing plates to aid absorption corrections, and a conical 

optical access hole. The cell is reported to be capable of attaining pressures of up to 

-10  GPa.
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Figure 3.4: Exploded view of the miniature DAC of Merrill and Bassett (1974), as 
modified by Hazen and Finger (1982).
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26 mm

3 .3 5  m m
4 .7  m m

Figure 3.5; Sectional view of the DXR-4 cell developed by Diacell Products. Below 
is an enlarged view of the hemispherical beryllium backing plate. A) alien cap screws; 
B) diamonds; C) upper hemispherical beryllium backing plate; D) lower hemispherical 
backing plate; E) lower backing plate adjustment screw; F) upper steel support; G) 
lower steel support.
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d) Keller-Holzapfel cell.

Using similar principles to those employed by Merrill and Bassett, Keller and 

Holzapfel (1977) designed a cell with an advanced mechanism for diamond alignment 

and load generation (Figure 3.6). The diamonds were hot pressed into beryllium seats 

to ensure a rigid mounting of the diamonds even under the application of compressive 

forces. It was found that an indentation depth of 0.3 mm was sufficient to increase the 

diamond supporting area by a factor of two. The diamond anvils were aligned by 

means of four horizontal screws threaded through the main body and acting upon the 

lower beryllium seat, thus allowing for precise translational centering of both 

diamonds with respect to one another. Four vertical screws clamp the partly spherical 

upper backing plate together with the upper beryllium seat and diamond anvil to the 

piston in order to allow parallel alignment of the two diamonds. Two threaded rods, 

one with a left-handed thread, the other with right-handed thread connect the front and 

back of the bracket. The rods are fitted in such a way as to allow rotational motion 

but prevent translational motion. When turned the threaded rods draw the lower ends 

of the brackets together. The upper piston is then pushed downwards into the upper 

backing plate, which in turn is pushed into the lower backing plate. The advanced 

geometry of this cell results in a large force multiplication factor. The cell has been 

reported to have generated pressures up to 10 GPa, although these advances in 

pressure generation are slightly offset by the increased weight and operating 

complexity.
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Figure 3.6: Single crystal diamond anvil cell developed by Keller and Holzapfel 
(1977).
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e) Transverse geometry cell.

When both incident and diffracted X-ray beams pass through the same diamond anvil, 

the cell is described as having transverse geometry. In 1977 David Schiferl of the 

University of Chicago decided to study the variation of the A-7 structures of As, Sb 

and Bi as a function of pressure. Having decided that the available transmission 

geometry cells designs failed to offer a wide enough range of {hkJ) reflections, Schiferl 

decided to design and build a unique type of DAG (Figure 3.7). One of the diamond 

anvils was rigidly mounted on a beryllium cylinder, which was then placed in a 

stainless steel cylinder. In order to provide maximum access to the cell for incident 

and diffracted X-ray beams as much of the cylinder as possible was cut away. The 

other diamond was mounted with its face near the centre of a hollowed ball bearing. 

The ball bearing could be rotated to align the diamonds and is then held rigidly in 

place in a collar by sixteen set screws. Again much of the collar was cut away, and 

it slips tightly over the cylinder when force is applied to the ball bearing by the thrust 

rod. Force is applied to the diamonds by means of a lever system. Schiferl (1977) 

reported that hydrostatic pressures of up to 50 kbars had been achieved with this 

DAC. By replacing the lever system with a differential screw, Schiferl et al. (1978) 

reported pressures of up to 90 kbars. The transverse geometry cell has three 

advantages over the transmission mode:

1) A large area of the Ewald sphere is available.

2) The cell can be constructed without soft and potentially toxic beryllium, this allows

the possibility to generate higher pressures as well as elevated temperatures 

provided by resistance heaters.

3) Overlapping reflections from the diamond and the crystal sample are reduced owing

to partial shadowing by the metal gasket. However, it is not well suited to 

integrated intensity measurements and is probably best used as a 

complementary high pressure device.
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Figure 3.7: Diamond anvil cell of Schiferl (1977). a) Detail of diamond anvil and 
gasket portion of cell. A) fixed diamond; B) Be cylinder, C) cutaway stainless steel 
cylinder; D) adjustable diamond; E) ball bearing mount for diamond; F) collar; G) set 
screws; H) thrust rod; I) bolts; J) gasket; K) gasket mounts, b) Assembled cell with 
loading device. H) thrust rod; M) yoke; N) lever arms; P) pivot rods; Q) push bar; R) 
spring; S) bolt.
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Although transverse cells provide excellent access to the high angle reflections 

preferred for unit cell determinations, the inability to access Freidal pairs excludes the 

use of the eight position centering method devised by King and Finger (1979). A 

second disadvantage of using transverse geometry is the complex absorption path of 

both the incident and diffracted beams passing through the side of the diamond, 

gasket, crystal and then the diamond again. One solution to this problem is to replace 

the highly absorbing Inconel gaskets with a metal of much lower absorption 

coefficient. Ahsbahs (1984) and Koepke et al. (1985) pioneered the use of beryllium 

gaskets in transverse cells in an attempt to try and simplify the complex absorption 

corrections needed for each measured intensity, although the brittle nature of the 

beryllium gasket limited maximum pressure to 4 GPa. Recent work carried out on the 

mechanical properties of polycrystalline beryllium by Macavei and Schultz (1990) 

developed a method to build beryllium gaskets that can sustain pressures up to 1 0  

GPa.

Malinowski (1987) designed a cell in which a combination of transverse and 

transmission X-ray geometries allowed for maximum sampling of reciprocal space 

(Figure 3.8). The mechanical design of the cell was developed from a pressure device 

presented by Keller and Holzapfel (1977). The upper part of the yoke has a cylindrical 

hole machined to provide a good fit to the piston, which must be parallel to the axis 

of the instrument. Force was transferred to the diamonds by means of the yoke and 

piston. To aid diamond alignment the beryllium holder (with beryllium support disk 

and upper diamond mounted on it) was hemispherically mounted on a movable piston 

and tilted in its socket by four adjusting screws. Pressure was generated by 

synchronously turning two threaded rods which connect the pressurizing yoke and 

lower ends of the bracket. Malinowski et al. (1986) reported that the cell had been 

used to collect X-ray intensity data from single crystal samples up to 10 GPa.
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Figure 3,8: Cross section of the Malinowski transverse geometry diamond anvil cell 
(Malinowski et al., 1987). a) Cross section showing steel and beryllium components, 
b) Cross section of the cell through 90* with respect to the view in a). 1) Yoke; 2) 
piston; 3) beryllium holder, 4) brackets; 5) threaded rods; 6 ) beryllium support disc; 
7) beryllium beam, D1 upper diamond, D2 lower diamond.

80



f)  Mao-Bell cryogenically loaded cell.

Constructed by Mao and Bell (1980) and otherwise known as the "gas cell" this design 

was a further development of the Merrill-Bassett cell. The cell has a circular shape 

with four load bearing screws, rather than the three screw configuration of earlier 

pressure devices (Figure 3.9). The pressure was developed by two pairs of counter 

threaded screws. The screws were tightened together to eliminate diamond 

misalignment. Loading of a liquified sample at cryogenic conditions was accomplished 

in a dewar or at high pressure. Experiments carried out on argon, neon and methane 

(Hazen et al., 1980a,b; Finger et aL, 1981) indicate that these solids make excellent 

hydrostatic pressure media even above 10 GPa.

2 cm

O

(D

Figure 3.9: Exploded of Mao and Bell cryogenically loaded diamond anvil cell (Mao 
and Bell, 1980). (1,2) end plates; (3) Be support discs; (4) diamond anvils; (5) epoxy 
cement; (6 ) set screws for adjusting diamond anvils; (7) gasket; (8 ) spacers; (9) screw; 
(10) positioners; (11) hole for positioners; (12,13) screws for raising sample pressure, 
(14) groove; (15) Belleville washers; (16) mounting notch.
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3.13  Operating the Diamond Anvil Cell.

1) Diamond anvil selection.

Diamonds for the anvils are usually selected from brilliant cut gems free of all flaws. 

The culet is developed by grinding a flat octagonal surface. The size of the diamond 

may vary from 0.125 to 0.5 carat and the anvil flat from 0.3 mm to 0.7 mm in 

diameter. The size and type of diamond chosen is dependent upon the DAC and the 

nature of the investigation. Adams et al. (1993) carried out a finite element analysis 

of diamond anvils and their backing plates in an attempt to optimise their high 

pressure performance. The basal tension in the anvil was found to be only slightly 

sensitive to variation in anvil or support elastic constants, but the effect of support 

geometry in minimising or enhancing basal tension is profound. There is a well 

defined tension minimum for a conical light port of semi-angle 25*-30', with 

considerable latitude in diameter of the exit hole.

2) Gasketing.

The use of the gasket for containment of hydrostatic medium was first demonstrated 

by Van Valkenburg (1964). The gasket is a piece of thin sheet metal with a small hole 

drilled through it. The initial thickness of the foil may vary from 0.25 mm to 0.5 mm. 

The gasket is the most critical component of the DAC and thus selection of an 

appropriate gasket size and material is an important step. For most experiments the 

materials used are Inconel X750, a nickel alloy, and T301 stainless steel. The size of 

the gasket hole depends on the size of the crystal under study and the maximum 

desired pressure. Angel et al. (1992) suggested the diameter of the hole should be no 

more than one half of that of the culet diameter of the diamonds. Dunstan (1989) 

carried out a study on the mechanics of gasket deformation. He concluded from his 

calculations that pre-indenting the gasket prolongs its experimental life. Currently most 

research groups pre-indent their gasket before loading the sample. If the gasket is 

indented until the hole is approximately one half its original diameter, pressures of up
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to 5 GPa can be attained. After indenting the gasket, it is common practice to re-drill 

and clean the hole before loading the sample. Katrusiak and Nelmes (1986) carried out 

a number of high pressure diffraction experiments on single crystal CaFg. It was found 

that a simple modification to the shape of the gasket hole can eliminate the problem 

of partially o bsc iu^  reflections and thus yield reliable values for the Ca and F 

thermal parameters, the only variables in the structure, and hence very sensitive to 

systematic errors. The cost of modifying gasket hole geometry is a reduction in the 

maximum attainable pressure to about 3 GPa. In order to attain pressures in excess of 

3 GPa most experiments are subject to pressure cycling. This involves the bleeding 

of pressure fluid from the sample chamber at strategic points during the experiment.

3) Specimen selection and mounting.

Single crystals for high pressure diffraction experiments must be small enough to 

remain uncrushed between the anvils, yet large enough to provide adequate diffracting 

volume for intensity measurements. The usual sample size is 100 x 100 x 20 pm, 

although it may be necessary to use smaller crystals for materials containing heavy 

atoms. The crystal is usually secured to the lower diamond anvil face by means of the 

alcohol insoluble fraction of petroleum jelly. A small amount is smeared on the lower 

diamond face using a sharpened needle or pin. The chosen crystal specimen is then 

taken from its preparation slide and placed in the middle of the lower diamond anvil. 

When mounting the crystal in petroleum jelly it is best to use as thin a layer as 

possible, in order to avoid destroying the hydrostatic environment surrounding the 

crystal. When manipulating the sample from slide to cell experienced crystallographers 

have found the best adhesive for sticking the crystal sample to the needle is facial 

grease. Finally a ruby calibration chip must be placed close to sample on the face of 

the lower anvil. The gasket is then slowly lowered onto the diamond anvil, with the 

crystals sitting at the centre of sample chamber. The gasket is secured and centred 

against the lower diamond anvil by placing three plasticine or jewellers wax balls on 

the beryllium seat and then carefully pressing the gasket into them. The gasket hole
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or sample chamber is now ready to be filled with fluid and sealed. The most 

commonly used pressure medium in DACs is a 4:1 methanohethanol mixture which 

according to Piermarini et al. (1973) is hydrostatic to above 10 GPa. A small addition 

of water in the ratio 16:3:1 water to methanol to ethanol appears to extend the 

hydrostatic range of the fluid to 14.5 GPa (Jayaraman 1983). To attain pressures above 

10 GPa solidified rare gases can be used. The gases are loaded either cryogenically 

(Mao and Bell, 1979) or under pressure (Jephcoat et al., 1987).

3,1,4 Pressure Measurement,

The introduction of the ruby fluorescence method in 1972 (Forman et al., 1972) 

removed the last major hurdle in the development of the DAC. It was now possible 

for high pressure physical investigations to be carried out as a matter of routine. In 

earlier experiments the pressure was estimated from applied load. Such estimates 

yielded an average pressure over the sample in the non-gasketed technique, but were 

less reliable using a gasketed sample, since the gasket absorbed an unknown amount 

of the load. Other methods of pressure measurement included X-ray studies of internal 

calibrants such as NaCl and the freezing points of several liquids. Forman et al. 

(1972) first showed that the R lines of Cr^ doped Al^Og shifted linearly in a 

hydrostatic environment up to 2.2 GPa. Practical aspects of pressure measurement 

using the ruby fluorescence technique are given by Barnett et al. (1973), King and 

Prewitt (1980), Whitmore et al. (1982), Sugiura and Yamadaya (1987), and Angel et 

al. (1992). Modem ruby fluorescence systems can be divided into three main sections: 

i) the laser unit, ii) the microscope containing x-y-z stage, laser shutters and beam 

splitter, and iii) the spectrometer. A particular feature of the recent designs has been 

the presence of steerable mirrors to adjust the position and direction of the incident 

laser beam (Angel et al., 1992). This feature, together with the microscope focus 

adjustment is necessary in order to maximise the fluorescence signal reaching the
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spectrometer. The He-Cd laser line is directed onto the ruby chip by means of the x-y- 

z stage, remembering that care should be taken to minimise the laser light incident on 

the sample since this may cause heating of the sample and a consequent shift in 

fluorescence line wavelength (Barnett et al., 1973). The fluorescent light from the ruby 

is then collected by the microscope objective and split from incoming laser light by 

a beam splitter. The microscope is connected to the spectrometer by a fibre optic 

cable. The instrument used at UCL is a Jobin-Yvon spectrometer, specifications of 

which include: a 640 mm path length, a grating ruled with 1800 lines per mm, and 

photomultiplier tube as the detector. Pressure determination is carried out by first 

driving the spectrometer to the wavelength at which the fluorescent light is expected 

to be found (this may require some degree of guesswork or a preliminary scan). The 

signal is then optimised by adjustment of the various mirrors and lenses. A complete 

fluorescence spectrum is collected and the wavelengh of the and / ? 2  lines obtained 

by fitting the data to an empirical modified Lorentzian function of the form (Wood 

et al., 1980);

(3.1)

where the three terms refer to the /?, peak, peak and the background, respectively. 

The J; are determined by least squares method; a  ̂ and a  ̂ give the peak positions,

«4 , ^ 3  and a measure of their intensities and widths respectively. The pressure can 

then be determined from the mean wavelengh of the Z?, line using the latest quasi

hydrostatic calibration of the ruby scale (Mao et al., 1986);
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(3.2)

where Xo is the wavelength of the /?, peak at room temperature, and X* is the 

wavelength at pressure. The calibrations were carried out using diamond window high- 

pressure cells (Mao and Bell, 1975). Powdered samples of copper and ruby were 

placed in the sample chamber of a pre-indented gasket. The cell was then set in a high 

pressure cylinder similar to that designed by Mills et al., (1980). Fluid argon was then 

pumped into the cylinder, filling all the volume including the sample chamber. The 

cell was sealed and the sample chamber raised to pressure of 1 GPa by an automatic 

external system. The cell was removed from the cylinder system and a number of X- 

ray diffraction and ruby fluorescence experiments carried out. Figure 3.10 shows a 

plot of the shift in wavelengh of the ruby /?, emission line against pressure. Solid 

circles are the calibration points collected for copper; open circles are calibration 

points collected for silver (Zou et al., 1982). The copper calibration points were 

obtained by determining the unit cell volume by X-ray diffraction, and then, pressure 

was calculated by cross reference to shock wave equation of state (Mao et al., 1978).

In order to monitor the development of non-hydrostatic stress a complete ruby 

fluorescence spectrum is collected. Forman et al. (1972) were the first to notice that 

line broadening occurs in non-hydrostatic environments, while Adams et al. (1976) 

reported on the importance of collecting both and / ? 2  lines, as their relative shifts 

are sensitive indicators of the presence, and approximate magnitude of non-hydrostatic 

stress components.
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Figure 3.10: Calibration curve of the shift with pressure of the wavelength of the ruby 
Ri luminescent line. Solid circles, copper standard; open circles, silver; argon pressure 
transmitting medium (After Mao et al., 1986).



3.1,5 X-Ray Diffraction Experiments.

When carrying out high pressure diffraction experiments, extensive modifications to 

the diffractometer control software may be necessary. In particular, DACs cannot be 

used in bisecting mode, as this would result in most of the reflections being obscured 

by the cell body. The definition of diffractometer angles devised by Busing and Levy

(1967), in which the incident and diffracted beam define a horizontal plane, is 

frequently used in the calculation of diffractometer setting angles for DACs. The 

counter also lies in a horizontal plane and rotates about the instrument axis to make 

an angle 20 with the primary beam direction. Moving the counter through an angle 

of 2 0  causes the crystal orienter and sample to turn through an angle of 0  about the 

vertical axis. The orienter may also be rotated independently through an additional 

angle û) about the same axis. In this way the % axis, which lies in the horizontal plane 

is positioned to make an angle of 0+co with the primary beam direction. The reflecting 

plane normal (scattering vector) which bisects the angle between the diffracted beam 

and the reverse primary beam, thus makes an angle of co with the plane of the % 

circle. The 0 shaft is supported from the % circle, which permits the <J) axis to be set 

at an angle % from the vertical instrument axis. The sample is assumed to be rigidly 

attached to the <j) shaft so that it can be turned about this axis. When % is zero, the 

crystal carrier mechanism (the <j) shaft) is at the bottom of the circle. In this position, 

20, 0 ) and (j) axes are colinear and left handed rotations are chosen as positive. A right 

handed motion for % is chosen as positive.

Various procedures have been devised to carry out high pressure diffraction 

experiments on the various types of DAC, these include: Koepke et al. (1985) for 

transverse geometry cells, Denner et al. (1978) for the Keller and Holzapfel DAC

(1977), and Finger and King (1978) for the Merrill and Bassett DAC. These 

procedures include the calculation of diffractometer setting angles to allow access to 

reflections, and absorption corrections to take into account cell and gasket absorption
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on both incident and diffracted beams.

King and Finger (1979) devised a method whereby the measured angles for a single 

reflection, or Friedal pair of reflections, in eight different orientations, are used to 

determine the values for systematic errors in the diffractometer. In addition, an 

estimate of the angles corrected for these effects is also obtained. This means that the 

corrected values used to refine lattice parameters are much more precise than when 

the crystal is optically centred. If a precise crystal structure refinement is required 

Santoro et al. (1968) were the first to show that it is necessary to correct the measured 

intensities for the effects of absorption in the diamonds and other parts of the cell. In 

principle, the size and shape of the cell components could be measured and the 

transmission of the cell calculated. However, a study carried out by Hazen (1976) 

found that this method failed to produce a satisfactory explanation of the observed 

absorption. In view of these results Hazen used two empirical methods. One involved 

a comparison between the integrated intensities measured for a crystal mounted in the 

cell and the same crystal mounted in air. The second method involved the attenuation 

of the direct beam through the cell being measured. In an effort to standardize 

methods the latter technique was revised and improved upon by Finger and King

(1978). The relative attenuation of the direct beam was measured and presented as a 

plot of the variation of absorption as a function of the angle, ()>, between the beam and 

axis of radial symmetry.

If the diamonds and beryllium discs were flat plates (as in the M-B cell) a simple 

exponential relationship between transmission and path length would be correct. 

However, the hole in the backing disc complicates the absorption correction, a 

problem that has been solved by the recent development of beryllium access hole 

plugs. In transverse geometry the problems involved in calculating absorption due to 

Inconel gaskets led to the introduction of beryllium gaskets (Koepke et at., 1985, 

Macavei and Schulz, 1990), for which absorption corrections are easily calculated.
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Loveday et al. (1990) were the first to identify and measure the reduction in diffracted 

beam intensities arising from the simultaneous diffraction by one or other of the 

diamond anvils. They concluded that diffraction by the diamonds can introduce 

significant errors into the measured sample intensities for 2 0 % or more of the 

reflections in a data set However, by collecting each reflection at three closely spaced 

values of ({), it is possible to detect and eliminate contaminated data. Additional 

problems arise when diamond anvil and pressure calibrant reflections, or beryllium 

powder diffraction rings are collected in the final data set. Interference from powder 

rings can usually be eliminated by the use of co scans to collect data. The possible 

presence of diamond anvil or pressure calibrant reflections make it necessary to 

measure the data using step-scans, and to visually inspect the reflection profiles in 

order to eliminate any rogue reflections. Other methods of improving high pressure 

diffraction data include using an X-ray wavelength as short as possible. This usually 

means the use of MoKa radiation as the use of Ag radiation in high pressure 

experiments has been plagued by a number of problems (Levien and Prewitt, 1981). 

All room pressure unit cell parameter data should also be collected in the diamond 

anvil cell to avoid any aberrations leading to systematic errors in the bulk moduli.

It must be remembered that in most DACs only 30-40 % of reciprocal space is 

accessible, and peak to background intensity is reduced. In some experiments entire 

sets of symmetry equivalent reflections may be inaccessible. This may cause a 

reduction in the precision of determination of a number of structural parameters. Thus, 

sometimes it may be necessary to collect data from the same crystal in a different 

orientation within the DAC; this requires reloading of the cell and re-pressurisation 

to as close the original pressure as possible for a second set of data collections (see 

Angel, 1988).
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3.1.6 Data Refinement.

The data collected in a DAC is of much lower quality than that which would have 

been collected from the same crystal in air. The sources of errors are many and 

include undetected scattering from the diamonds and pressure calibrant, and shadowing 

from the gasket. Some effects can be detected by careful observation of peak shapes. 

Other effects can be minimized by measuring all accessible reciprocal space and 

averaging the symmetrically equivalent reflections. In the case of triclinic minerals, 

only the Friedel pairs will be collected. In higher symmetry classes, there are some 

types of reflection for which more than two observations can be made. For such 

crystals, it is possible to detect data which are internally inconsistent. Satisfactory 

refinement of high pressure data is possible by using robust resistant techniques 

(Prince et al., 1977; Prince, 1978) in the least squares refinement (Hazen and Finger, 

1982). An alternative method to improve the precision of structural parameters is to 

use the leverage approach outlined by Hazen and Finger (1989), based upon 

mathematical methods developed by Prince and Nicholson (1985). This approach 

involves identifying the reflections whose intensities most constrain the structural 

parameters, and collecting this subset of reflections to high precision.

3.2 High Pressure-Temperature Experimental Techniques.

3.2.1 The High Pressure-Temperature Diamond Anvil Cell.

The vast majority of high pressure-temperature studies have been carried out on 

polycrystalline samples. The complex experimental obstacles posed by single crystal 

high P-T diffraction studies has had the effect of making progress in this field slow 

and irregular. When designing or adapting a DAC to carry out high P-T experiments 

a number of criteria must be satisfied:
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1) The crystal must remain in fixed orientation with respect to the high pressure cell

in order to maintain crystal alignment.

2) The crystal must be contained in a hydrostatic environment in order to prevent

crystal strain.

3) The sample must be heated as uniformly, and to as high a temperature as possible,

without heating the diffraction equipment

4) A procedure for calibrating pressure and temperature is essential.

Weir et al. (1969) were the first to use a small resistance heater in their lever arm-cell 

to study the structure and phase equilibria of crystallized fluids. Van Valkenburg 

continued to use this cell in his study of the solubility of crystals at high pressure and 

temperature (Baur and Van Valkenburg, 1979). Fourme’s pneumatic cell (1968) was 

equipped with a resistance heater and mounted on a precession camera for the high 

P-T experiments carried out by Andre et al. (1971). The heater was capable of 

sustaining a temperature of up to 250*C.

Huge advances in single crystal high P-T studies were made with the introduction of 

the Hazen and Finger high P-T cell (1982). By adding a heater to a modified Merrill- 

Bassett (1974) cell (Figure 3.11), they produced the first three dimensional, high 

pressure, high temperature crystal structure refinement (Hazen and Finger, 1982). The 

cell consists of five major components:

1) Triangular Steel supports.

These are identical with those used in the modified Merrill-Bassett cell (Hazen and 

Finger, 1982). The two supports act as a framework that holds the diamonds rigidly 

together in proper alignment. Any type of stainless steel may be used in the 

construction.
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Figure 3.11: Exploded view of high-pressure high-temperature DAC developed by 
Hazen and Finger (1982).
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2) Boron carbide discs.

These discs are used in place of the beryllium discs in the room-temperature cell due 

to the softening of Be metal at temperatures above 100*C, and its toxicity. Unlike the 

Be discs in the room temperature cell there is no optical access to the sample 

chamber. This restriction is necessitated because boron carbide, which has a lower 

tensile strength than Be, is further weakened by the presence of a hole.

3) Gaskets.

Inconel gaskets can be used in high P-T experiments as this material retains it’s 

strength to approximately 800*C. Space requirements of the Hazen and Finger cell 

restricts the size of the gasket to a disc only 3 mm in diameter with the sample 

chamber drilled in the centre.

4) Diamond anvils.

The two diamond anvils are identical to those used in the room temperature device. 

The greatest restriction on the temperature range of the diamond cell is the thermal 

instability of diamonds themselves. At approximately 700*C the diamonds start to 

oxidise in air. Lasers have been employed successfully in heating polycrystalline 

samples in diamond anvil pressure cells to 3000*C. Diamonds are transparent to the 

light energy of the laser, while the powdered sample is made absorbent by mixing 

black material. However, laser heating cannot be applied to single crystal experiments. 

This is due to difficulties in maintaining a uniform temperature in the sample while 

varying the orientation of the pressure cell.

5) The resistance heater.

A miniature resistance heater was used to concentrate heat at the sample without 

excessive heating of the surrounding instrumentation. In the device developed by 

Hazen and Finger (1982) the heater is placed around the diamonds and the gasketed 

sample. The furnace is operated in a manner described by Ohashi and Hadidiacos
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(1976) in which power is applied to the winding during half of the cycle of the 

alternating current power source. The winding is supported by pyrophyllite ring in 

which the wire is mounted by high temperature ceramic cement. The entire heating 

element consists of: a four loop winding, doubled and redoubled leads, pyrophyllite 

ring support and ceramic tubing, and is a self contained assembly that is removable 

from the pressure cell.

6 ) Pyrophyllite insulating rings.

Two pyrophllite rings fit around the boron carbide discs and the heating element to 

add thermal insulation to the cell.

This P-T cell is capable of sustaining temperatures of up to 450’C and pressures of 

up to 4 GPa, and can be used for a wide variety of X-ray experiments. However, it 

does have a number of drawbacks, the reduced gasket and miniature heater make the 

cell notoriously difficult to load and pressurise, while repeated temperature cycling of 

the cell resulted in it falling to pieces. Thus, a decision was made to design and build 

a new high P-T cell in order to investigate the behaviour of anorthite at high pressure 

and temperature with the intention of reducing these operational difficulties.

The cell that I have developed is similar to the device developed by Hazen and Finger 

(1982) in that the beryllium backing discs are replaced by boron carbide. The major 

difference in the design is the method for generating heat. The maximum temperature 

required was estimated to be approximately 260’C and thus a decision was made to 

design and build an external heating device. As can seen in Figures 3.12 and 3.13 a 

heating cradle was built to accommodate the miniature DAC. The resistance heaters 

are encased in brass blocks in order to provide maximum surface contact with the cell. 

The other major difference is the area of DAC that may be subject to high 

temperatures. In the Hazen and Finger (1982) high P-T cell, only the small sample 

area is heated and so insulation of the cell from the diffractometer was not necessary.
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In the heating cradle described here the whole DAC is heated and thus it is necessary 

to insulate the cell and the cradle from the four circle diffractometer, which according 

to the operating instructions should not be heated above 50*C. This was achieved by 

incorporating a number of thin stainless steel plates separated by ceramic discs into 

the base of the heating cradle. This helped prevent heat flow through the goniometer 

head into the chi circle. Further insulation was provided by a number of ceramic 

sheets covered in aluminium foil placed around the cell and heating cradle, in order 

to prevent radiated heat warming the chi circle (Figure 3.14).

42mm —2 0 mm —

40mm

1 2 mm D

Figure 3.12: Sectional view of the heating cradle developed to carry out high P-T 
experiments with modified DAC sitting in the middle. A) Modified Merrill-Bassett 
type diamond anvil cell, with B^C backing plates; B) 150 W cartridge heater; C) brass 
block containing cartridge heater and control thermocouple (not shown); D) ceramic 
spacers for insulation; E) metal mounting plates; F) mounting pin to fit standard 
goniometer head.
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Figure 3.13: Photograph of modified diamond anvil cell fitted to the heating cradle.
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Figure 3.14: Photograph of modified diamond anvil cell and heating cradle on the 4- 
circle diffractometer. Power and thermocouple wires to the cell are routed into the 
diffractometer protective cage by means of a series of pulleys and weights.
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3 2 2  Operating the High P-T Diamond Anvil Cell,

A number of modifications to the normal operating procedures for the Merrill-Bassett 

diamond anvil cell were developed for this heated cell.

1) Diamond mounting and alignment.

The diamond anvils were attached to the boron carbide backing discs by a high 

temperature cement supplied by Fortafix Ltd (see Appendix). The diamond anvil was 

first attached to the lower triangular support backing disc by using a small amount of 

Superglue 3. The lack of an optical hole meant the diamonds could not be centred in 

the usual way and a template was machined in order to help centre the diamond 

anvils. The high temperature cement was then "built up" around the lower diamond 

anvil. Once attached to the upper triangular support the upper backing disc could not 

be removed. This meant that the centering template could not be used and thus the 

upper diamond was centred by eye before being glued to the backing disc. The anvils 

were aligned using three set screws situated in the lower support. Preliminary high 

temperature tests indicated that oxidation occurs on surface of the set screws and leads 

to them becoming lodged in the triangular support. This was cured by dipping the 

screws in motor oil during the mounting and alignment of the anvils. These three 

screws are used to adjust the lateral position of the upper diamond anvil to make it 

superimpose precisely on the lower diamond anvil. The operation is most easily 

performed looking at the side of the anvils with a binocular microscope. At prolonged 

high temperatures the cement breaks down. This meant that each time the cell was 

taken apart the diamonds break loose and thus diamond mounting and alignment had 

to be carried out after each high P-T run.

2) Crystal mounting and cell pressurisation.

Unlike the Hazen and Finger (1982) high P-T cell a normal, square, Inconel gasket 

was used. This was supported by an aluminium platform machined to exactly the same
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thickness as the diamond anvils. The sample and pressure calibrant were attached to 

the lower diamond anvil by a very dilute high temperature compound, as it was found 

that the petroleum jelly compound used in room temperature experiments allowed the 

sample to break lose at temperatures greater than 50*C. A 4:1 ratio of methanol to 

ethanol was used as the pressure medium. Alternative high pressure medium such as 

water were tested but found not to flow as easily into the sample chamber as alcohol 

based solutions. In order to avoid as few leaks as possible from the sample chamber 

the gasket was not pre-indented. The gasket was attached to the aluminium platform 

by Superglue-3. Once the crystal is mounted and the fluid added, the diamond anvil 

cell is closed and then pressurised by slowly tightening the alien cap screws. In order 

to keep the pressure loading mechanism somewhat independent of the temperature of 

the cell and thermal expansion of the screws, four belleville washers are inserted 

between the cell and each of the three load screws.

3) Generating pressure and heat.

The first stage of this experiment was to generate the desired pressure at room 

temperature. This was achieved by slowly tightening the load screws. The cell was 

then left for an hour or so in order to allow for relaxation of the cell components. The 

cell was then attached to the heating cradle which was permanently mounted on a 

Picker four circle diffractometer, and the pressure in the sample chamber measured 

by locating and centering six 220 fluorite reflections. The high temperatures were 

generated by encasing Watlow Firerod cartridge heaters (for suppliers see Appendix) 

in two rectangular brass blocks, which were then positioned either side of the modified 

DAC. The power-temperature characteristics of the heating cradle are shown in Figure 

3.15 and Table 3.1. Temperature was controlled by a Cal 9900 Autotune temperature 

controller (see Appendix). The temperature of the equipment was raised slowly until 

the process temperature was attained; in the meantime the chi angle of the heating 

cradle was constantly altered in order to avoid heating the diffractometer. The 

temperature controller was then set to review and adjust the temperature every 2-5
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seconds.
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Figure 3.15: Sample temperature within the diamond anvil cell as a function of heater 
power.
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Sample 
Temp (°C)

Goniometer Head 
Temp (°C)

Heater Block 
Temp C O

Power
(Watts)

47.9 22.8 50 8
89.4 28.8 100 32
128.6 35.5 150 45
164.4 42.7 200 60
201.6 46.5 250 84
230.4 52.8 300 112
263.0 62.3 350 150
290.2 70.9 400 220

Table 3.1: Power-temperature characteristics of the modified high P-T diamond anvil 
cell and heating cradle.

The need to get X-rays in and out of the cell meant that insulation around the cell had 

to be kept to a minimum; this meant that the temperature fluctuations of the cell and 

heating cradle were larger than ideal (±7*C). In order to prevent any unwanted power 

surges through the heating cradle, the power supplied to the temperature controller was 

limited by a rheostat. Temperature is measured by spot welding a thermocouple lead 

to the Inconel gasket, as close to the sample chamber as possible. Table 3.2 shows the 

results of a number of bench experiments carried out at a later date in order to 

determine if a thermal gradient is present in the high P-T cell. The sample temperature 

was measured by fixing a thermocouple to the inner wall of the small hole drilled in 

a inconel gasket to act as the sample chamber. Gasket position 2 is the temperature 

recorded at the spot where the thermocouples are usually attached. Gasket position 3 

is situated near the edge of the gasket. The results confirm there is no thermal gradient 

across high P-T cell.
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s

Sample Chamber 
Temp (*C)

Gasket 
Position 1 (*C)

Gasket 
Position 2 (*C)

Heater 
Temp C O

43 43 43 50 ■
60 60 60 75
80 80 80 100
101 101 101 125
120 120 120 150
140 140 139 175
157 157 157 200
174 175 174 225
192 192 191 250
211 211 210 275
228 228 227 300
244 245 244 325
264 265 263 350
282 282 281 375
300 300 299 400

Table 3.2: Temperature characteristics of the modified high P-T diamond anvil cell 
and heating cradle.



3.2 J  Pressure Calibration.

The lack of an optical access hole means spectroscopic pressure calibration is not 

possible. The logical alternative is to use a single crystal X-ray pressure standard, the 

characteristics of which should be (Hazen and Finger, 1981):

a) chemical and structural stability over the range of pressure-temperature conditions

to be studied.

b) no reactivity with pressure medium.

c) large unit cell variation with pressure for calibration sensitivity.

d) reversibility in unit cell dimensions following application of pressure and

temperature.

e) cubic symmetry for ease of reflection identification.

f) strong diffraction intensity to minimize volume of standard.

The common substance that satisfies all these requirements is calcium fluoride CaFg. 

Hazen and Finger (1981) developed an equation of state for fluorite which was 

believed to be valid to pressures of 4 GPa and a temperature range 300 K to 800 K. 

Angel (1993) re-evaluated the EOS following disagreements in the literature regarding 

the bulk modulus of fluorite (Katrusiak and Nelmes, 1986, Gerward et a/., 1992). The 

high temperature, high pressure EOS derived was used for pressure calibration in the 

high P-T experiments on anorthite (see chapter 5). Angel (1993) collected a large 

number of fluorite unit cell volumes at high pressure and ambient temperature by 

single X-ray diffraction. Pressure measurement was by ruby fluorescence technique 

(Forman et a l, 1972), using the calibration of Mao et al. (1986) to calculate pressure 

from wavelength shift. The volume-pressure data obtained were fitted by least squares 

to the Mumaghan equation of state (Mumaghan, 1967), to obtain the isothermal bulk 

modulus Xj=81.0(1.2) GPa, and X’=5.22(35), with /?f,t=0.027. These parameters are 

in good agreement with low pressure ultrasonic measurements of Wong and Schuele
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(1968). The variation of with temperature was derived from the variation of K, 

with temperature (Anderson, 1989) via the relationship:

- 1

(3.3)

where Y is the Gruneisen ratio:

pCp

(3.4)

The variation of K* with temperature was less well constrained by experimental data 

and after reference to various experimental results and calculations it was decided to 

employ constant K \

3.2.4 X-Ray Diffraction Experiments.

The DAC and heating cradle were mounted on a conventional goniometer head. 

Operational procedures on the diffractometer for the P-T cell are much the same as 

those for the room temperature cell. The most important difference is that provisions 

must be made in the automation routines to prevent the twisting and consequent 

binding, of the power leads and thermocouple wires. A second difference is that 

without optical access holes to view the sample, the crystal must be centred in the 

beam using procedures based upon the 8 -position centering of diffracted beams 

described by King and Finger (1979). If intensity measurements are carried out the
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data must be corrected for absorption by boron carbide and diamond components of 

the cell.
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4. The Comparative Compressibility of Feldspars.

4.1 The Bulk Moduli of Feldspars.

4.1.1 Introduction.

Before the advent of Diamond Anvil Cells (DAC) and X-ray diffraction measurements 

at high pressures to provide unit cell parameters, the bulk moduli of feldspars were 

determined by two main methods. Early methods to ascertain feldspar bulk moduli 

were carried out using a variety of press techniques (Adams and Williamson, 1923; 

Bridgman, 1928; Adams and Gibson, 1929; Bridgman, 1948; Yoder and Weir, 1951; 

Vaidya et al., 1973). The procedure for press experiments (Adams and Williamson, 

1923) is as follows: The solid is subjected to hydrostatic pressure in a thick-walled 

steel cylinder or "bomb", and is entirely surrounded by kerosene which transmits the 

pressure, ensuring it will be hydrostatic. A piston provided with leak-proof packing 

is forced into the bomb by means of a hydraulic press. The motion of the piston 

produces the pressure, and in addition a measure of the change in volume of the 

interior of the bomb. This volume change is composed of three parts: i) the decrease 

in the sample volume, ii) the decrease in kerosene volume, iii) the volume change due 

to distortion of the bomb and packing. The last two effects are compensated for by an 

additional experiment on a solid of known compressibility. What is measured is the 

difference in compressibility of the material under investigation and the reference 

solid, usually soft steel. The volume change or piston movement is measured to within 

a few thousandths of a millimetre by a dial-gauge attached to the piston, and the 

pressure is measured by an electrical resistance pressure gauge. The materials to be 

investigated were often fashioned into cylinders approximately 1 0  cm. long and 1 . 6  

cm. in diameter (e.g., Adams and Williamson, 1923; Bridgeman, 1948; Yoder and 

Weir, 1951). In other cases, the material in the form of coarse fragments was held in
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a capsule made of thin copper or indium sheet closed at the bottom and open at the 

top (e.g., Adams and Williamson, 1923; Vaidya et al., 1973). There were a number 

of problems associated with the piston cylinder experiments described, these included:

1) The small changes in piston length that occuired on compression.

2) The need to remove all void space from the sample assembly and to correct for

friction in the apparatus.

3) The need to maintain quasi-hydrostatic conditions on the sample.

The difficulties linked to this type of experiment are best illustrated by the value for 

the bulk modulus of labradorite first calculated as 65 GPa by Adams and Williamson 

(1923) and then re-examined by Adams and Gibson (1929) to yield a value of 6 8  GPa. 

This difference can be traced back to one major problem. The measurements for all 

the samples were made relative to a standard reference material, in this case steel. As 

the experimental techniques improved the value for the compressibility of the 

reference material changed, and thus the value for the compressibility of the sample 

changed.

A number of piston-cylinder experiments have been re-analyzed using the pressure 

volume data taken from sources listed in Table 4.1. Variation with pressure of the 

volume of a number of labradorites and K-feldspars determined by press techniques 

compared to single-crystal X-ray determinations is shown in Figure 4.1. When 

analyzing the piston-cylinder compressibility data a number of trends are immediately 

apparent. Alkali feldspars are much easier to compress than plagioclase feldspars; the 

data collected by Bridgman (1948) shows that his labradorite sample is approximately 

35% stiffer than the orthoclase sample. Using the data from Adams and Williamson 

(1923) and Adams and Gibson (1929), Yoder and Weir (1951) calculated that the 

isothermal bulk modulus increases by -40% from albite to anorthite.
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Sample Reference K^rOPa (K'=4) P:GPa

Oligoclase (Ab̂ gArigz) Adams and Williamson (1923) 74.9(3.2) 0-1.2
Labradorite (AbagAUgz) Adams and Williamson (1923) 85.8(3.5) 0-1.2
Microcline (OrgiAbg) Adams and Williamson (1923) 69.7(2.8) 0-1.2

Adularia Bridgman (1928) 57.0(1.2) 0-4.0
Labraborite (AbagAUgz) Adams and Gibson (1929) 91.5(3.7) 0-1.2

Orthoclase x2 Bridgman (1948) 53.9(0.4) 0-4.0
Labradorite Bridgman (1948) 71.3(0.2) 0-4.0

Albite Yoder and Weir (1951) 57.0(3.2) 0-1.0
Oligoclase {Ab7 gAri2 2 ) Yoder and Weir (1951) 63.4(3.6) 0-1.0

Labradorite Vaidya et al. (1973) 129.0(5.5) 0-4.5

Table 4.1: Bulk moduli determinations by press techniques.
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Figure 4.1: Variation with pressure of the volume of a selection of feldspars 
determined by piston-cylinder techniques, and single crystal X-ray diffraction.
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The general quality of the piston-cylinder data is high. The labradorite data from 

Bridgman (1948) and Adams and Williamson (1923) compares well with the data 

collected by Angel (unpublished) who used a diamond anvil cell and X-ray diffraction 

experiments. Surprisingly, the bulk moduli of labradorite calculated from data obtained 

from the more recent Vaidya et al. (1973) piston cylinder experiments, is much higher 

than the other studies. The alkali feldspar piston-cylinder compressibility data is also 

high quality. The bulk moduli of orthoclase and adularia (Bridgman, 1948) compares 

favourably with the data collected in this study on Eifel sanidine (See Section 4.1.3).

The elastic constants of a number of feldspars have been determined using ultrasonic 

techniques by Alexandrov and Ryzhova (1962), Ryzhova (1965) and Ryzhova and 

Alexandrov (1965). The study carried out by Ryzhova (1965), shows that the majority 

of the elastic constants, and thus the bulk modulus, increase with anorthite content 

across the plagioclase join. The major limitation however, to this type of research, is 

the need to use large untwined crystals in the ultrasonic measurements. Feldspars have 

an exceptional capacity to form twins. Many feldspar "crystals" are in fact multiple 

twinned aggregates and any physical property they may have is dependent on the type 

and degree of twinning which characterizes the aggregate as a whole. However, no 

method had yet been devised for determining the elastic constants of triclinic crystals, 

and in view of the above discussion on twinning, and the fact that the feldspars 

examined have a  and p angles close to 90", it was decided to regard these crystals as 

monoclinic. The crystals were assigned a monoclinal 6 -axis and thirteen independent 

elasticity moduli were calculated. The elastic constants were calculated from the 

velocities of propagation of elastic comprcssional and shear waves. The elastic 

constants of monoclinic crystals can determined by measuring the velocities of 

propagation of elastic waves in the following six directions: [ 1 0 0 ], [0 1 0 ], [0 0 1 ], [ 1 1 0 ], 

[101], [Oil] in an orthogonal system of coordinates. The adiabatic bulk moduli 

obtained by averaging the elastic stiffness using the Voigt averaging method (1928), 

and the elastic compliance using the Reuss method (1929) are listed in Table 4.2. One
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of the more interesting observations from the paper by Alexandrov and Ryzhova 

(1962) is that the lowest value of normal elasticity modulus is in the direction where 

there are no cleavage planes. The reason given by Alexandrov and Ryzhova (1962) 

for this phenomena was quite prophetic; they came to the conclusion that the 

aluminium, silicon tetrahedron framework in feldspars is, on the whole, the least rigid 

element in the lattice and that highest resistance to deformation seems to be a property 

of bonds between structural elements. The complete set of elastic constants obtained 

from ultrasonic studies is tabulated in Simmons and Wang (1971).
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Sample Voigt K?: GPa Reuss Kp.-GPa References
Labradorite 75.7 74.6 Alexandrov and Ryzhova (1962)
Microcline 59.6 49.7 Alexandrov and Ryzhova (1962)
Oligoclase 70.4 60.7 Alexandrov and Ryzhova (1962)

Plagioclase Ang 61.6 53.1 Ryzhova (1965)
Plagioclase Ang* 65.3 57.9 Ryzhova (1965)
Plagioclase Angg 66.5 59.6 Ryzhova (1965)
Plagioclase Anga 73.9 68.0 Ryzhova (1965)
Plagioclase Angg 75.3 68.8 Ryzhova (1965)

Ors^AbsgAng 63.9 50.9 Ryzhova and Alexandrov (1965)
OrgiAb^gAn^ 56.0 39.0 Ryzhova and Alexandrov (1965)
Crg7Ab2g 53.5 42.5 Ryzhova and Alexandrov (1965)

Gr7̂ Ab2̂ gAn2 58.3 47.9 Ryzhova and Alexandrov (1965)
Dr7gAb22 53.2 40.7 Ryzhova and Alexandrov (1965)

0 r 7 g Ab^ g An 2 62.7 44.8 Ryzhova and Alexandrov (1965)
OrggAb27An4 58.2 44.7 Ryzhova and Alexandrov (1965)

Table 4.2: Bulk moduli determinations by ultrasonic techniques, and using the 
averaging methods of Voigt (1928) and Reuss (1929).



X-ray diffraction experiments at high pressures provide a means by which we can 

determine unit cell parameters, and hence determine unit cell volumes to which an 

equation of state can be fitted to obtain isothermal bulk moduli. In the experiments 

discussed here the values for isothermal bulk moduli were obtained by fitting K j and 

Vg of a Mumaghan equation of state (Mumaghan, 1967) to volume-pressure data 

points:

(4.1)

For many of the samples studied, a reliable estimate for X’ could not be calculated. 

In the case of anorthite rich plagioclase this is due to a displacive phase transition at 

2.61 GPa (Angel and Ross, 1988 and Chapter 5). Microcline appears to undergo a re

orientation of the compression mechanism at -3.7 GPa (Chapter 6 ). In both cases the 

pressure range of measurements is limited and as X* is essentially the curvature of the 

volume-pressure graph, a reliable estimate of K' could not be obtained. In order to 

provide a proper basis for comparison between the bulk moduli contained within this 

chapter, X’ was fixed at 4. One of the dangers of fitting X’ at 4 is that the value and 

variation of bulk moduli may a artifact of fixing K \  Table 4.3 shows what the effect 

of changing X* has upon the apparent bulk moduli of a number of Val Pasmeda 

anorthite samples. We can see from the data in Table 4.3 that a change in the fixed 

value of K' from 2 to 5 usually results in bulk modulus change of - 6 %.
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K' Val Pasmeda Val Pasmeda/7 Val Pasmeda/6

2.0 85.9(1.4) 84.8(0.7) 84.1(0.3)
3.0 84.6(1.5) 82.9(0.7) 82.0(0.3)
4.0 83.3(1.5) 81.0(0.8) 79.8(0.3)
5.0 82.1(1.5) 79.0(0.8) 77.7(0.4)

Table 4.3: Variation of anorthite compressibility K (in GPa) with changing K’.

Because of their petrological importance the feldspar group of minerals has been the 

subject of much study at both elevated temperatures (Stewart and Limbach, 1967; 

Prewitt et a l, 1976; Winter et a l, 1977, 1979) and more recently at high pressures 

(Hazen, 1976; Angel et a l, 1988). Brown et a l  (1984) analyzed the available data on 

alkali feldspars and showed that cell parameter variation associated with thermal 

expansion, compositional changes and the state of order follow two major trends 

which are termed trends I and II. Smith and Brown (1988) were able to extend this 

analysis to plagioclase feldspars, suggesting that the mechanism of compression in all 

feldspars are similar. High temperature studies of albite (Prewitt et a l, 1976; Winter 

et a l, 1977) and anorthite (Czank, 1973) suggest that most of the thermal expansion 

in feldspars is accommodated by changes in the T-O-T bond angle. Megaw (1974) 

predicted that feldspars would exhibit "inverse behaviour"; that is structural changes 

with increasing pressure are expected to be opposite to those observed with increasing 

temperature. Certainly, early high pressure studies of alkali feldspars (Hazen and 

Prewitt, 1977; Hazen, 1976) supported this view. More recent high pressure studies
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on both alkali and plagioclase feldspars (Angel et a/., 1988, 1989) suggest that 

detailed changes in compression can be more complex. The full structure 

determination of anorthite carried out by Angel (1988) confirmed that feldspars 

respond to pressure by bending of the T-O-T linkages, while the internal dimensions 

of the SiO  ̂ and AIO4  tetrahedra remain essentially unchanged. Thus, under 

compression the feldspar framework behaves as if it were comprised of rigid 

tetrahedra which can tilt with respect to one another around the shared apices. As the 

tetrahedra tilt under pressure the oxygen atoms will be pushed closer to the extra 

framework "M" cations, thereby reducing the M-O distance. The bulk moduli of 

feldspars should therefore be controlled by two components; the stiffness of the T-O-T 

bond angle, and the M-O bond length. The contribution from each of these 

components is unknown, but the influence of the T-O-T bond angle with constant "M" 

cation can be adjudged (Figure 4.2). In the following sections I present the results of 

a series of single-crystal X-ray studies on a variety of feldspars designed to evaluate 

the various factors which may influence feldspar bulk moduli.

A(i)

A(2)

Figure 4.2: Environment of the M cation, in the feldspar aristotype in projection on 
(010). (After Megaw, 1974)
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4,1.2 The Bulk Moduli of Boron feldspars.

The compressibilities of the boron feldspars reedmergnerite (NaBSijOg) and danburite 

(CaBgSigOg) have been determined between 0 GPa and 5 GPa by single crystal X-ray 

diffraction using a Merrill-Bassett diamond anvil cell. Further compressibility studies 

on anorthite (CaAljSijOg) between 0 GPa and 5.5 GPa, and the use of previously 

published data for albite (NaAlSigO,) (Angel et al., 1988) has allowed me to examine 

the effect, if any, that changing the T-0 bond length has upon the framework structure 

compressibility.

The reedmergnerite specimen from Duchesne Co., Utah was chosen from material 

provided as Sample NMNH 140710 by the U.S. National Museum, Division of 

Mineralogy. The original structure determination of reedmergnerite was carried out by 

Appleman and Clark (1965) on a sample from the same locality. Reedmergnerite is 

isostructural with low albite. The observed T-0 distances are so similar for the T,(m), 

Tg(o) and T^(m) sites in both reedmergnerite and albite, that there is little doubt that 

the cation in each of these sites is silicon. The site T,(o) is wholly ordered in each 

mineral, containing the boron in reedmergnerite and aluminium in albite. The 

danburite sample from Charcas, San Lois Potosi, New Mexico is specimen No. BM 

1968,888 from the collection of the Department of Mineralogy, Natural History 

Museum (formerly British Museum Natural History). The most recent structure 

determination of danburite was by Phillips et al. (1974), using material from the same 

locality. The danburite structure is similar to that of anorthite, in both structures the 

4-membered rings are tilted with respect to the chain axis, which is parallel to the a- 

axis in anorthite and the c-axis in danburite. In the anorthite structure there is also a 

rotation of successive rings within each chain, although in danburite, which has a 

mirror plane perpendicular to the chain axes, no rotation is possible. Another point of 

interest is the cation distribution in a given chain. In danburite, the boron and silicon 

tetrahedra within a four membered ring are always linked to like tetrahedra in mirror
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related rings directly above and below in the chain, forming Si-O-Si and B-O-B 

linkages. Anorthite has the same T^:T^ ratio as danburite. In anorthite, as in 

danburite, there is alternation of and atoms within the layer of 4- and 8 - 

membered rings. However, unlike danburite, there is perfect alternation between 

tetrahedra of subsequent rings within a chain. Thus, Al-O-Al and Si-O-Si linkages arc 

not present in fully ordered anorthite, and arc only present at the few percent level in 

natural material.

The crystals were separately mounted in a Merrill-Bassett diamond anvil cell of the 

type described by Hazen and Finger (1982) and Chapter 3. The diamond cell was 

mounted on an automated Picker four circle diffractometer equipped with an Mo tube 

(X^5=0.7107 Â). Cell parameters were determined at each pressure from the centering 

of between 15 and 20 reflections of each crystal (1O*<20<22*) using the eight position 

crystal centering method of King and Finger (1979) to avoid aberrations in the 

instrumentation producing systematic errors in the cell parameters. The unit cell 

parameters of the crystals were determined at twelve (reedmergnerite) and thirteen 

(danburite) pressures from room pressure to 4.93 GPa. The cell parameters of 

danburite were obtained by a constrained fit to the centering data, after it had been 

established that the values of the unit cell angles a , p and y  did not deviate 

appreciably from 90*. The constrained data for danburite and the unconstrained data 

for reedmergnerite are reported in Tables 4.4 and 4.5. The room pressure unit cell 

parameters arc in good agreement to those reported for reedmergnerite (Appleman and 

Clark, 1965) and for danburite (Phillips et al., 1974). The changes in unit cell volumes 

with pressure for albite and anorthite, and danburite and reedmergnerite are shown in 

Figure 4.3. Data for albite and anorthite arc taken from Angel et al. (1988,1989), and 

are supplemented by new data collected from the same anorthite crystal (for 

experimental details see section 4.1.3). It should be mentioned at this point, that the 

compressibility data collected by Angel et al. (1988) for albite has been the subject 

of much discussion over the accuracy of the pressure measurements. In order to test
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the accuracy of the data, the Mumaghan equation of state (Mumaghan, 1967) was 

fitted to Amelia albite compressibility data recently collected by Downs et û/.(1994). 

Fixing K" at 4, the bulk moduli was calculated to be 57.0(0.6) GPa, a value very 

similar to the 57.6(2.0) GPa calculated from the original Angel et al. (1988) data.

a :  (A) b :  (A) c  : (A) V :  ( A ^ ) P r e s s u r e

( G P a )

8 . 0 3 8 ( 1 ) 8 . 7 5 8 ( 1 ) 7 . 7 2 9 ( 1 ) 5 4 4 . 1 ( 1 ) 0 . 0 5

8 . 0 3 3 ( 1 ) 8 . 7 5 5 ( 1 ) 7 . 7 2 7 ( 1 ) 5 4 3 . 5 ( 1 ) 0 . 1 3

8 . 0 1 6 ( 1 ) 8 . 7 4 5 ( 1 ) 7 . 7 1 9 ( 1 ) 5 4 1 . 1 ( 1 ) 0 . 5 9

8 . 0 0 0 ( 2 ) 8 . 7 2 7  ( 4 ) 7 . 7 0 7 ( 2 ) 5 3 7 . 9 ( 3 ) 1 . 3 4

7 . 9 6 8 ( 2 ) 8 . 7 1 8 ( 3 ) 7 . 7 0 2 ( 1 ) 5 3 5 . 0 ( 2 ) 1 . 7 9

7 . 9 6 4 ( 1 ) 8 . 7 2 0 ( 2 ) 7 . 7 0 3 ( 1 ) 5 3 4 . 9 ( 1 ) 2 . 0 6

7 . 9 5 1 ( 1 ) 8 . 7 0 6 ( 1 ) 7 . 6 9 7 ( 1 ) 5 3 2 . 8 ( 1 ) 2 . 4 2

7 . 9 3 7 ( 1 ) 8 . 6 9 7 ( 1 ) 7 . 6 9 1 ( 1 ) 5 3 0 . 9 ( 1 ) 2 . 7 3

7 . 9 4 1 ( 1 ) 8 . 6 9 7 ( 4 ) 7 . 6 9 6 ( 1 ) 5 3 1 . 5 ( 3 ) 2 . 7 6

7 . 9 2 0 ( 1 ) 8 . 6 9 1 ( 1 ) 7 . 6 8 7 ( 1 ) 5 2 9 . 1 ( 1 ) 3 . 2 1

7 . 9 0 1 ( 2 ) 8 . 6 7 9 ( 5 ) 7 . 6 8 4 ( 1 ) 5 2 6 . 9 ( 3 ) 3  . 8 2

7 . 9 0 4 ( 1 ) 8 . 6 8 7  ( 3 ) 7 . 6 8 6 ( 1 ) 5 2 7 . 7 ( 2 ) 3  . 8 8

7 . 8 7 1 ( 1 ) 8 . 6 7 6 ( 3 ) 7 . 6 7 8 ( 1 ) 5 2 4 . 4 ( 2 ) 4 . 6 1

Table 4.4: Unit-cell parameters of danburite at pressure. Note: numbers in parentheses 
are the estimated standard deviations to the last decimal place quoted.
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a :  (A) b :  (A) c ;  (A) a P Ï V :  ( A M P r e s s u r e

( G P a )

7 . 8 3 3  ( 1 ) 1 2 . 3 6 4 ( 1 ) 6 . 8 0 4 ( 1 ) 9 3 . 3 1 ( 1 ) 1 1 6 . 3 8 ( 1 ) 9 2 . 0 2 ( 1 ) 5 8 8 . 0 0 ( 1 ) 0 . 0 0

7 . 8 3 4 ( 1 ) 1 2 . 3 7 5 ( 4 ) 6 . 8 0 4 ( 1 ) 9 3 . 3 3 ( 2 ) 1 1 6 . 3 6 ( 1 ) 9 2 . 0 4 ( 2 ) 5 8 8 . 6 ( 2 ) 0 . 0 5

7 . 8 2 7 ( 1 ) 1 2 . 3 6 4 ( 1 ) 6 . 8 0 1 ( 1 ) 9 3 . 3 2 ( 1 ) 1 1 6 . 3 7 ( 1 ) 9 2 . 0 2 ( 1 ) 5 8 7 . 4 ( 1 ) 0 . 1 4

7 . 7 8 8 ( 1 ) 1 2 . 3 4 2 ( 2 ) 6 . 7 8 8 ( 1 ) 9 3 . 3 6 ( 1 ) 1 1 6 . 3 5 ( 1 ) 9 2 . 0 4 ( 1 ) 5 8 2 . 3  ( 1 ) 0 . 6 7

7 . 7 5 9 ( 1 ) 1 2 . 3 2 1 ( 2 ) 6 . 7 8 1 ( 1 ) 9 3 . 3 6 ( 2 ) 1 1 6 . 3 5 ( 1 ) 9 2 . 1 0 ( 2 ) 5 7 8 . 5 ( 2 ) 1 . 1 9

7 . 7 1 5 ( 1 ) 1 2 . 2 9 7 ( 2 ) 6 . 7 6 7 ( 1 ) 9 3 . 3 5 ( 2 ) 1 1 6 . 3 0 ( 1 ) 9 2 . 1 7  ( 2 ) 5 7 3 . 1 ( 1 ) 1 . 8 9

7 . 6 6 6  ( 1 ) 1 2 . 2 7 4 ( 1 ) 6 . 7 5 3 ( 1 ) 9 3 . 3 7 ( 1 ) 1 1 6 . 2 6 ( 1 ) 9 2 . 2 0 ( 1 ) 5 6 7 . 3 ( 1 ) 2 . 7 8

7 . 6 1 9 ( 1 ) 1 2 . 2 4 1 ( 1 ) 6 . 7 3 7 ( 1 ) 9 3 . 3 6 ( 2 ) 1 1 6 . 2 1 ( 1 ) 9 2 . 2 6 ( 1 ) 5 6 1 . 3  ( 1 ) 3 . 5

7 . 6 1 0 ( 1 ) 1 2 . 2 3 8 ( 1 ) 6 . 7 3 4 ( 1 ) 9 3 . 3 9 ( 2 ) 1 1 6 . 2 0 ( 1 ) 9 2 . 2 3  ( 2 ) 5 6 0 . 3  ( 2 ) 3  . 7 3

7 . 5 9 3 ( 1 ) 1 2 . 2 3 4 ( 1 ) 6 . 7 2 8  ( 1 ) 9 3 . 4 1 ( 1 ) 1 1 6 . 1 7 ( 1 ) 9 2 . 2 6 ( 1 ) 5 5 8 . 4 ( 1 ) 4 . 0 1

7 . 5 6 5 ( 1 ) 1 2 . 2 1 3 ( 2 ) 6 . 7 2 1 ( 1 ) 9 3 . 4 5 ( 2 ) 1 1 6 . 1 1 ( 1 ) 9 2 . 2 9 ( 2 ) 5 5 5 . 0 ( 2 ) 4 . 5 7

7 . 5 4 5 ( 1 ) 1 2 . 1 9 9 ( 1 ) 6 . 7 1 2 ( 1 ) 9 3 . 4 4 ( 2 ) 1 1 6 . 1 0 ( 1 ) 9 2 . 3 3 ( 1 ) 5 5 2 . 2 ( 1 ) 4 . 9 3

Table 4.5; Unit-cell parameters of reedmergnerite at pressure. Note: numbers in 
parentheses are the estimated standard deviations to the last decimal place quoted.



>
<

><

0 . 0 0

1 ' 1  1 1 1 "T  
D anburite  —

M urnaghan EOS;

- 0 . 0 1 K = 113.6(2.9) G P a-
\  \  
X  ^ K'= 4.0(0.0)

- 0 . 0 2

V
♦  ^

-0 .0 3 \
\-0 .0 4 — R eed m erg n erite  

M urnaghan EOS;

-0 .0 5 -  K = 68.7(0.7) GPa 

K'= 4.0(0.0)

-0 .0 6
~  1

0 . 0 0

"  V
A north ite  —
M urnaghan EOS;

- 0 . 0 1 K = 83.4(2.7) GPa -
K'= 4.0(0.0)

- 0 . 0 2
\  V .  

h  ^
-

-0 .0 3 \ --

\
-0 .0 4

\
-0 .0 5 — Albite

M urnaghan EOS; \
\

-0 .0 6 -  K = 57.6(2.0) GPa \  “
K'= 4.0(0.0) K

-0 .0 7
1 1 1

"m -  
1 1 1

0 . 1 . 2 . 3. 4. 5.

PRESSURE: GPa

Figure 4.3: Unit-cell variation with pressure, normalised to room pressure volume 
(V J .

121



The data on the compressibility of albite, anorthite, danburite and reedmergnerite 

allow the separate identification of the influence of the "M" cation and T-O-T 

geometry on feldspar compressibility. From previous research (Hazen and Finger, 

1982; Angel et al., 1988) we know that the extra framework cation "M" plays a major 

role in determining framework compressibility. The unit-cell variation with pressure 

for albite and anorthite (Figure 4.3) confirms the dominant effect the "M" cation has 

upon feldspar structure compressibility. Substitution of the doubly-charged cation, 

Ca^ ,̂ for singly charged cation, N a\ results in a large increase in the stiffness of the 

structure as reflected in the bulk modulus, K. For the plagioclase feldspars this 

substitution results in a 45% increase from ^=57.6±2.0 GPa for albite to /r=83.4±2.7 

GPa for anorthite. A similar increase is displayed by the boron containing structures 

from A'=68.7±0.7 for reedmergnerite, to AT=113.6±2.9 GPa for danburite. It should be 

remembered, however, that the framework topology of danburite differs from that of 

plagioclase feldspars (Phillips et a i, 1974) and this change in structure may also play 

a role in determining compressibility.

The effect of changing the T cation on compressibility has been less well documented. 

Comparing the compressibility of albite and reedmergnerite (with Si-O-Al and Si-O-B 

linkages) in Figure 4.3, we see that substituting boron for aluminium in a tetrahedral 

cation site results in stiffening of structure by some 19%. Similarly, the boron 

analogue of anorthite, danburite (with Si-O-Si, Si-O-B and B-O-B linkages) is more 

than 30% stiffer than anorthite. However, one must remember that danburite is 

structurally similar, but not isostructural with anorthite and this difference in structural 

topology may contribute to the difference in bulk modulus. The direct contribution of 

the Na-O bonds to stiffness of albite and reedmergnerite must be similar because 

average Na-O bond lengths are 2.71 A for reedmergnerite (Appleman and Clark, 1965) 

and 2.78Â for albite (Smith et al., 1986). Average T-O-T bond angles are also very 

similar, 139.1’ (reedmergnerite) and 140.5* (albite). We can conclude that the increase 

in bulk modulus with boron substitution cannot therefore be due to an overall decrease
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in T-O-T angles, but arises from B-O-Si linkages being stiffer than the Al-O-Si 

linkages. These results are consistent with the molecular orbital calculations carried 

out by Geisinger et al. (1985) in which the H^TgO  ̂molecule was used in calculation 

of energy variation as a function of T-O-T bond angle.

Comparison of the shapes of the potential energy curves calculated for molecules with 

different T cations offers some indication of the relative T-O-T bond angle flexibility; 

the shallower the potential energy well, the more flexible the angle, and vice versa. 

These calculations suggest that Si-O-Si and Al-O-Si should be relatively flexible, and 

thus exhibit a large range of angles in feldspar structures. B-O-Si was calculated to 

have a much deeper potential energy well and is therefore expected to be stiffer and 

exhibit a smaller range of angles. A frequency distribution of experimental T-O-T 

values (Geisinger et a/., 1985) confirmed what the molecular orbital calculations had 

predicted. Low albite exhibits a wide range of T-O-T bond angles from -130 to 161* 

(31*) with the Si-O-Al angles ranging from -130 to 142*. Low microcline exhibits a 

range of T-O-T bond angles from -131 to 155* (24*) with the Si-O-Al ranging from 

-131 to 151* (20*). The T-O-T angles in reedmergnerite range from -125 to 158* 

(23*) with the Si-O-B angles ranging from -125 to 143" (18*). Anorthite, which 

contains only Si-O-Al groups exhibits a wide range of angles from -123 to 170* (47*). 

The range of Si-O-B angles in danburite is from -126 to 137* (11*), a small range 

with the average angle (129*) in agreement with the potential curve for H^SiBOj. The 

figures given above confirm the predictions of Geisinger et al. (1985).

4.13 The Effect o f  Composition on Bulk Modulus.

The role that composition plays in changes in isothermal bulk modulus was first 

discussed by Yoder and Weir (1951), using the piston-cylinder compressibility data 

collected by Adams and Williamson (1923), and Adams and Gibson (1929),
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concerning the plagioclase solid solution. Using ultrasonic techniques, Ryzhova and 

Alexsandrov (1965) also investigated the effect of composition on adiabatic bulk 

moduli by looking at a number of feldspars containing different amounts of anorthite 

(Table 4.2). Both these studies predicted an increase in bulk modulus with increasing 

anorthite content. Table 4.6 contains the bulk modulus data collected from a number 

of plagioclase feldspars each with different anorthite content, determined by X-ray 

diffraction.

All the feldspars used have been prepared and described by Carpenter et al. (1985). 

Attempts were first made to remove all impurities from the plagioclase feldspars. The 

rocks were crushed and passed through a 76pm sieve and the dust fraction separated 

by flotation. A feldspar concentrate was then obtained using standard heavy liquid 

methods. At this point the cleanest looking grains with the narrowest composition 

range (as determined by electron microprobe) were selected for final purification. Each 

of the samples was subjected to heating in air for -12  hours at -SOO’C during the 

purification process. The purpose of this treatment was to decrepitate any fluid 

inclusions, dehydrate any alteration products and oxidise any Fe bearing impurities in 

the feldspar grains. Heavy and light fractions were then removed in diluted TEE, 

leaving a small amount of plagioclase grains spanning a narrow composition range. 

The samples Val Pasmeda (mol% An=100), Monte Somma (mol% An=98,), 87975a 

(mol% An=89) and Crystal Bay (mol% An=72) have Qqĵ  of 0.92, 0.91, 0.85 and 

0.65 respectively, as determined by Angel et al. (1990) for the II structure. The 

compressibility data was collected by Angel et al., (1992) and this study (Val 

Pasmeda), unpublished data from Angel (Monte Somma, 87975a, and Crystal Bay), 

this study (97490/1) and Angel et al. (1988) (Amelia).
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Sample Name Composition Kj. : GPa P:GPa References
Val Pasmeda 
Anorthite

An2̂00 / 83.3(1.5) 0.0-2.5 Angel (1992) + This Study

Monte Somma An^g / Ah)2 / Pi 83.7(8.0) 0.0-2.6 Angel Unpublished Data
87975a Angg / Abĵ i /11 74.1(1.7) 0.0-3.9 Angel Unpublished Data

Crystal Bay An72 / A1)28 / ll 66.3 (1.6) 0.0-4.2 Angel Unpublished Data
97490/1 An27 / A1)73 ,1 1 64.2(2.9) 0.0-4.5 This Study

Amelia Albite Ani, Abgg, Or^ IÏ 57.6(2.0) 0.0-4.9 Angel at al. (1988) 
+ This Study

Table 4.6: Bulk moduli of plagioclase feldspars determined by X-ray diffraction. 
Note: All bulk moduli determined by the least squares fitting of K j and of the 
Mumaghan equation of state to volume-pressure data, with K* constrained to 4.



The compressibility data for the Val Pasmeda and 97490/1 crystals was collected by 

separately mounting the crystals in a Merrill-Bassett diamond anvil cell. Both the 

samples have been fully characterized by Carpenter et al. (1985). Single crystals of 

approximate dimensions 80 x 80 x 60 pm, free from optical imperfections and twins 

were selected on the basis of X-ray diffraction peak profiles collected on a 

diffractometer. Unit cell parameters were determined by centering thirteen (Val 

Pasmeda) and twelve (97490/1) reflections using the eight position centering method 

of King and Finger (1979). Unit cell parameters were determined at various pressures 

in the ranges room pressure to 2.53 GPa (Val Pasmeda) and room pressure to 4.45 

GPa (97490/1). The unconstrained data from each of these high pressure studies is 

shown in Table 4.7 (Val Pasmeda) and Table 4.8 (97490/1).

From Figure 4.4 we can see the effect of changing the amount of anorthite on the 

compressibility of plagioclase feldspars. The bulk moduli of the well ordered feldspars 

increases sharply with increasing anorthite content; the trend across the plagioclase 

join is far from linear in composition, and increases more rapidly at the anorthite 

end of the join, although whether the trend is continuous or not cannot be determined 

from current data. As the structures are compressed the rigid tetrahedra tilt with 

respect to one another around shared apices. As the tetrahedra tilt, the oxygen atoms 

are pushed closer to the M cation thereby reducing M-O bond length. Therefore, the 

bulk moduli of the two feldspars is controlled by two components, the stiffness of the 

M-O bond and of the T-O-T bond angle. Calcium and sodium have ionic radii of 

1.12Â and 1.16Â respectively (Shannon and Prewitt, 1969). Both structures have 

frameworks which crumple around the M cation site. Moving from albite to anorthite 

the amount of Ca^  ̂increases causing the M-O bond to stiffen. The number of Si-O-Si 

linkages also decreases and the proportion of the slightly stiffer Al-O-Si linkages 

increases. Thus, as the anorthite content increases, the M-O bond and the T-O-T bond 

angle both become stiffer, causing an increase in the bulk moduli.
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a :  (A) b :  (A) c ;  (A) a P Y V :  ( A ' ) P r e s s u r e

( G P a )

8 . 1 7 3 ( 4 ) 1 2 . 8 7 7 ( 5 ) 1 4 . 1 8 3 ( 5 ) 9 2 . 9 4 ( 7 ) 1 1 5 . 9 8 ( 8 ) 9 1 . 2 5 ( 4 ) 1 3 3 8 . 6 ( 5 ) 0 . 0 0

8 . 1 7 1 ( 3 ) 1 2 . 8 7 0 ( 2 ) 1 4 . 1 7 0 ( 4 ) 9 3 . 1 2  ( 2 ) 1 1 5 . 8 9 ( 2 ) 9 1 . 2 8 ( 2 ) 1 3 3 6 . 8 ( 1 ) 0 . 0 0 *

8 . 1 7 1 ( 2 ) 1 2 . 8 7 0 ( 2 ) 1 4 . 1 6 3 ( 3 ) 9 3 . 0 7  ( 2 ) 1 1 5 . 9 0 ( 1 ) 9 1 . 2 6 ( 2 ) 1 3 3 6 . 3 ( 4 ) 0 . 0 8

8 . 1 7 6 ( 2 ) 1 2 . 8 6 9 ( 3 ) 1 4 . 1 7 5 ( 3 ) 9 3 . 1 1 ( 3 ) 1 1 5 . 9 0 ( 2 ) 9 1 . 2 9 ( 2 ) 1 3 3 7 . 9 ( 1 ) 0 . 1 3 ^

8 . 1 7 0 ( 2 ) 1 2 . 8 6 6 ( 3 ) 1 4 . 1 7 0 ( 4 ) 9 3 . 0 5 ( 3 ) 1 1 5 . 9 1 ( 2 ) 9 1 . 3 1 ( 2 ) 1 3 3 6 . 1 ( 5 ) 0 . 2 7

8 . 1 5 2 ( 1 ) 1 2 . 8 4 9 ( 1 ) 1 4 . 1 4 4 ( 2 ) 9 3 . 0 3 ( 2 ) 1 1 5 . 8 7 ( 1 ) 9 1 . 3 9 ( 1 ) 1 3 2 9 . 4 ( 1 ) 0 . 6 5 *

8 . 1 5 0 ( 2 ) 1 2 . 8 4 5 ( 1 ) 1 4 . 1 3 8 ( 3 ) 9 2 . 9 9 ( 1 ) 1 1 5 . 9 0 ( 2 ) 9 1 . 4 2 ( 1 ) 1 3 2 7 . 9 ( 4 ) 0 . 6 8

8 . 1 4 6 ( 3 ) 1 2 . 8 3 7 ( 6 ) 1 4 . 1 2 4 ( 5 ) 9 3 . 0 8 ( 8 ) 1 1 5 . 8 0 ( 3 ) 9 1 . 4 6 ( 6 ) 1 3 2 5 . 9 ( 1 ) 0 . 8 1

8 . 1 3 9 ( 3 ) 1 2 . 8 3 8 ( 1 ) 1 4 . 1 2 1 ( 5 ) 9 2 . 9 6 ( 2 ) 1 1 5 . 8 7  ( 3 ) 9 1 . 4 8 ( 2 ) 1 3 2 4 . 1 ( 5 ) 0 . 9 9

8 . 1 2 0 ( 2 ) 1 2 . 8 1 5 ( 4 ) 1 4 . 0 9 6 ( 4 ) 9 2 . 8 8 ( 2 ) 1 1 5 . 8 2 ( 2 ) 9 1 . 5 6 ( 2 ) 1 3 1 6 . 6 ( 1 ) 1 . 4 0 *

8 . 1 2 3  ( 2 ) 1 2 . 8 2 1 ( 2 ) 1 4 . 0 9 4 ( 3 ) 9 2 . 9 1 ( 1 ) 1 1 5 . 8 2 ( 2 ) 9 1 . 5 5 ( 1 ) 1 3 1 7 . 7 ( 4 ) 1 . 4 4

8 . 1 1 6 ( 3 ) 1 2 . 8 0 8 ( 2 ) 1 4 . 0 8 7 ( 4 ) 9 2 . 8 3  ( 2 ) 1 1 5 . 8 4 ( 2 ) 9 1 . 5 8 ( 2 ) 1 3 1 4 . 3 ( 1 ) 1 . 6 1 ^

8 . 1 1 3 ( 3 ) 1 2 . 8 0 8 ( 2 ) 1 4 . 0 8 3 ( 4 ) 9 2 . 8 3 ( 2 ) 1 1 5 . 8 3 ( 3 ) 9 1 . 6 4 ( 2 ) 1 3 1 3 . 5 ( 6 ) 1 . 6 4

8 . 1 1 1 ( 2 ) 1 2 . 8 0 5 ( 2 ) 1 4 . 0 7 4 ( 9 ) 9 2 . 8 7 ( 3 ) 1 1 5 . 8 0 ( 3 ) 9 1 . 6 1 ( 2 ) 1 3 1 2 . 5 ( 1 ) 1 . 9 0 *

8 . 0 9 8 ( 3 ) 1 2 . 7 9 0 ( 2 ) 1 4 . 0 5 3 ( 6 ) 9 2 . 8 2 ( 3 ) 1 1 5 . 8 0 ( 3 ) 9 1 . 6 9 ( 2 ) 1 3 0 6 . 9 ( 7 ) 2 . 0 8

8 . 0 9 7 ( 1 ) 1 2 . 7 9 3 ( 1 ) 1 4 . 0 5 8 ( 4 ) 9 2 . 7 5 ( 1 ) 1 1 5 . 8 1 ( 2 ) 9 1 . 7 2 ( 1 ) 1 3 0 7 . 3 ( 1 ) 2 . 1 2 ^

8 . 0 8 2  ( 2 ) 1 2 . 7 7 3 ( 1 ) 1 4 . 0 3 4 ( 2 ) 9 2 . 7 3 ( 1 ) 1 1 5 . 7 6 ( 1 ) 9 1 . 8 0 ( 1 ) 1 3 0 1 . 1 ( 1 ) 2 . 5 3

8 . 0 8 1 ( 1 ) 1 2 . 7 7 2 ( 1 ) 1 4 . 0 3 2 ( 3 ) 9 2 . 7 2 ( 1 ) 1 1 5 . 7 5 ( 1 ) 9 1 . 7 9 ( 1 ) 1 3 0 0 . 6 ( 1 ) 2 . 5 3 ^

8 . 0 8 0 ( 3 ) 1 2 . 7 7 0 ( 1 ) 1 4 . 0 3 0 ( 4 ) 9 2 . 7 0 ( 2 ) 1 1 5 . 7 4 ( 2 ) 9 1 . 8 1 ( 2 ) 1 3 0 0 . 3 ( 1 ) 2 . 5 3 *

Table 4.7; Unit-cell parameters of anorthite at pressure. Notes: numbers in parentheses 
are the estimated standard deviations to the last decimal place quoted. * Data 
previously published in Angel et a/., (1988). ♦ Data collected by Angel et al. (1989), 
with pressures corrected as described by Angel (1992)



K>oo

a :  (A) b :  (A) c  : (A) a P Y V :  (A 3) P r e s s u r e

( G P a )

8 . 1 6 6 ( 1 ) 1 2 . 8 4 5 ( 1 ) 7 . 1 2 5 ( 1 ) 9 3 . 7 3 ( 1 ) 1 1 6 . 3 8 ( 1 ) 8 9 . 2 4 ( 1 ) 6 6 8 . 0 ( 1 ) 0 . 0 0 0 1

8 . 1 3 2  ( 2 ) 1 2 . 8 2 4 ( 1 ) 7 . 1 0 9 ( 3 ) 9 3 . 6 8 ( 2 ) 1 1 6 . 4 3  ( 2 ) 8 9 . 3 0 ( 1 ) 6 6 2 . 4 ( 3 ) 0 . 5 6

8 . 1 0 5 ( 1 ) 1 2 . 8 0 5 ( 1 ) 7 . 0 9 8 ( 1 ) 9 3 . 6 8 ( 1 ) 1 1 6 . 4 8 ( 1 ) 8 9 . 3 5 ( 1 ) 6 5 7 . 8 ( 1 ) 1 . 0 4

8 . 0 8 2 ( 1 ) 1 2 . 7 8 9 ( 1 ) 7 . 0 8 7 ( 1 ) 9 3 . 6 7 ( 1 ) 1 1 6 . 4 9 ( 1 ) 8 9 . 4 0 ( 1 ) 6 5 4 . 2 ( 1 ) 1 . 4 2

8 . 0 4 7 ( 1 ) 1 2 . 7 6 6 ( 1 ) 7 . 0 7 0 ( 1 ) 9 3 . 6 4 ( 1 ) 1 1 6 . 5 3 ( 1 ) 8 9 . 4 8 ( 1 ) 6 4 8 . 3 ( 1 ) 2 . 0 6

8 . 0 1 2 ( 1 ) 1 2 . 7 3 8 ( 1 ) 7 . 0 5 1 ( 1 ) 9 3 . 6 1 ( 1 ) 1 1 6 . 5 2 ( 1 ) 8 9 . 5 4 ( 2 ) 6 4 2 . 5 ( 1 ) 2 . 7 2

8 . 0 0 1 ( 2 ) 1 2 . 7 3 1 ( 1 ) 7 . 0 4 5 ( 2 ) 9 3 . 6 1 ( 1 ) 1 1 6 . 5 1 ( 2 ) 8 9 . 5 7 ( 1 ) 6 4 0 . 7 ( 2 ) 2 . 9 0

7 . 9 6 7 ( 1 ) 1 2 . 7 0 9 ( 1 ) 7 . 0 3 0 ( 1 ) 9 3 . 5 9 ( 1 ) 1 1 6 . 5 3 ( 1 ) 8 9 . 5 3 ( 1 ) 6 3 5 . 5 ( 1 ) 3 . 4 9

7 . 9 4 5 ( 1 ) 1 2 . 6 9 3  ( 1 ) 7 . 0 2 0 ( 1 ) 9 3 . 5 5 ( 1 ) 1 1 6 . 5 5 ( 1 ) 8 9 . 6 7 ( 1 ) 6 3 1 . 9 ( 1 ) 3 . 9 5

7 . 9 2 5 ( 2 ) 1 2 . 6 7 8 ( 1 ) 7 . 0 1 1 ( 2 ) 9 3 . 5 1 ( 2 ) 1 1 6 . 5 4 ( 2 ) 8 9 . 7 1 ( 2 ) 6 2 8 . 8 ( 2 ) 4 . 5 0

Table 4.8: Unit-cell parameters of sample 97490/1 (An^yAb^ )̂ at pressure. Note: 
numbers in parentheses are the estimated standard deviations to the last decimal place 
quoted.
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Figure 4.4: Variation with composition of the bulk moduli of plagioclase feldspars.
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High pressure studies identical to those described in the sections above have been 

carried out on the alkali feldspars, amazonite microcline, Norwegian microcline and 

Eifel sanidine (data presented in Chapter 6 ). Using the unit cell parameters collected 

by Angel et al. (1988) and Downs et al. (1994), on Amelia albite and kimberlite 

sanidine, a comparison of the bulk moduli of alkali feldspars can be carried out (Table 

4.9). Analysis of the change in bulk moduli of the alkali feldspars, demonstrates that 

replacement of K atoms for Na atoms has very little effect upon bulk moduli of alkali 

feldspars, especially when compared to the changes in bulk moduli across the 

plagioclase join. Despite this, it does appear that there are a number of trends which 

affect the bulk moduli of the alkali feldspars. As the K content is increased, the bulk 

moduli of the alkali feldspar, for both the ordered and disordered state increases. The 

bulk moduli also increases with increased Al,Si disorder.
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Sample Name Composition KpiGPa P:GPa References
Amelia Albite AbggAniOri 57.6(2.0) 0.0-4.9 Angel et al. (1988)
Amelia Albite AbggAniOri 57 .0(0.6) 0.0-4.2 Downs et a l . (1994)
Eifel Sanidine Org2Abig 52 .5(0.9) 0.0-5.2 This Study

Kimberlite Sanidine OrggAb2 57.2(1.0) 0.0-4.9 Angel et al. (1988)
Amazonite Microcline Org-7 63.3(2.2) 0.0-3.3 This Study
Norwegian Microcline 03̂ 95 58.4(0.7) 0.0-3.5 This Study

Table 4.9: Bulk moduli of alkali feldspars determined by X-ray diffraction. Note: All 
bulk moduli determined by the least squares fitting of Kj and of the Mumaghan 
equation of state to volume-pressure data, with K’ constrained to 4.



4,1.4 The Effect o f Disorder at Constant Composition on Bulk Modulus.

At room temperature and pressure, end member anorthite displays PI symmetry and 

has a unit cell with a c-axis of -14Â. At pressures in excess of 2.5 GPa (room 

temperature) (Angel et al., 1988), and temperatures in excess of 240*C (room 

pressure) (Brown et al., 1963), anorthite undergoes a displacive phase transitions to 

a structure which has symmetry II. The behaviour of anorthite at high pressure and 

temperature is described in Chapter 5. At much higher temperatures it is possible to 

partially disorder the Al and Si within the tetrahedral framework and subsequently 

quench it into the structure (Bruno et al., 1976; Chiari et al., 1978; Carpenter et al., 

1985). The unit cell parameters of disordered anorthite differ from those of ordered 

anorthite. Detailed studies carried out by Benna et al. (1985) and Carpenter et al. 

(1990) revealed that variations in the state of order are reflected in variations in the 

unit cell parameters. All of the samples used in this study are from the same batch of 

Val Pasmeda anorthite. The composition was determined as An̂ oo (Carpenter et al., 

1985). In addition to the untreated natural material, batches of material were annealed 

at different temperatures in order to induce partial Al,Si disorder. The disordering was 

accomplished by wrapping the samples in Pt foil envelopes and then placing them in 

a Pt, Mo or Kanthal wound furnace for periods of up to 48 days. Annealing times 

were calculated on the basis of previously published experimental data. After high 

temperature heat treatments, each sample was held in air at 800’C in order to return 

any Fe-bearing impurities to the same oxidation state as in the starting material. For 

full details of the treatments, annealing times and temperatures see Carpenter et al. 

(1985) and Angel (1992). An estimate of the state of Al,Si order (0od) within the 

samples was made from the means of T-0 bond lengths determined from single 

crystal X-ray diffraction experiments. To calculate the state of order within feldspars 

it is necessary to estimate the difference in size between a pure Al site and a pure Si 

site. The linear dependence of the grand mean adjusted bond lengths <<T-0»,dj on 

composition suggests there is a linear relationship between Al,Si order and T-0 bond
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length when adjusted for external influences (Angel et al., 1990).

The thermodynamic order parameter Goo for Al,Si in An^x) can be defined in terms 

of site occupancies:

QoD = <^>Al -

(4.2)

where <A1>ai is the average fractional occupancy of aluminium sites by aluminium 

and <Al>si is the average fractional occupation of aluminium sites by silicon 

(Carpenter, 1988). If we assume a linear relationship between <T-0> and site 

occupancy, Qqd can be given directly in terms of bond lengths:

(4.3)

where « A 1 - 0 »  is the mean bond length of the four Al rich sites in the II structure, 

« S i - O »  is the mean bond length of the four Si rich sites, and K  = <Al-0>* - <Si- 

0>* = 0.135Â (Angel et al., 1990). Qqd is thereby normalized to vary between zero 

for the Cl structure and one for the fully ordered II structure.

Angel (1992) used five Val Pasmeda anorthite samples to study the effect of Qqd on 

the P I—>11 phase transition. I have used the unit cell parameter data from Angel 

(1992), for the samples Val Pasmeda (VP), Val Pasmeda 3 (VP3), Val Pasmeda 8  

(VP8 ), Val Pasmeda 7 (VP7) and Val Pasmeda 6  (VP6 ), and supplemented the Val 

Pasmeda data below the P I—>11 transition with results from this study, in order to 

determine the effect of changing Cod on the compressibility (Table 4.10).
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Sample Name Composition Kj. : GPa P:GPa References
Val Pasmeda AHioo' Q#^^'92,Pl 83.3(1.5) 0.0-2.5 Angel (1992) + This Study
Val Pasmeda* An̂ oo/ ' 92 ,11 88.6(3.7) 2.6-5.0 Angel (1992)
Val Pasmeda 3 An^oo/ Qod~0 .87, Pi 88.0(4.2) 0.0-2.4 Angel (1992) + This Study
Val Pasmeda 3* An^oo, Qod~0 .87,11 77.1(1.7) 3.0-4.9 Angel (1992)
Val Pasmeda 8 Ariioo/ Qod=0 . 85, PÎ 83.1(1.1) 0.0-2.1 Angel (1992) + This study
Val Pasmeda 8* Ariioo ! Qod~^ • 85,11 74.7(2.4) 3.1-4.9 Angel (1992)
Val Pasmeda 7 A H i o o /  Q o d = 0  . 82, pI 81.0(0.8) 0.0-4.0 Angel (1992) + This Study
Val Pasmeda 7* Ariioo / Q o d ~ ®  • 82 , II 66.3(2.7) 5.1-7.5 Angel (1992)
Val Pasmeda 6 Ariioo / QoD"0 . 7 8 , Pi 79.8(0.3) 0.0-4.0 Angel (1992) + This Study
Val Pasmeda 6* Ariioo /  Q o d ~  0.78,11 66.3(1.7) 5.3-7.7 Angel (1992)

s

Table 4.10; Bulk moduli of Val Pasmeda anorthite with various values of Qqd- The 
phase of the sample is quoted next to the composition. Note: All bulk moduli 
determined by the least squares fitting of Kj and of the Mumaghan equation of 
state to volume-pressure data, with K* constrained to 4.



Unit cell parameters at pressures below 5 GPa were collected in a modified Merrill- 

Bassett diamond anvil cell (Hazen and Finger, 1982 and Chapter 3). For data 

collections in the pressure range 5-8 GPa a DXR-4 cell was used (Chapter 3).

We can see from Table 4.10 that increasing Al,Si disorder results in a small decrease 

in bulk modulus, the largest decrease being 3.5 GPa (combined esd 1.8 GPa) between 

QodS of 0.92 and 0.78 for the PI structure and 22.3 GPa (combined esd 5.4 GPa) 

between QqdS of 0.92 and 0.78 for the II structure.

The same trend can be seen in alkali 

feldspars. Eifel sanidine (disordered) has a bulk moduli of 52.5(0.9) GPa while 

Amazonite microcline has a bulk moduli of 63.3(2.2), a difference of -20%. This is 

caused by the crumpling of the framework around the M cation as Al/Si order is 

increased. The result is a stiffening of the M-O bond and T-O-T bond angle and an 

increase in the bulk moduli.

4.1,5 The Effect of Changing Framework Configuration at Constant Composition 

and Order on Bulk Modulus.

So far in this chapter, we have discussed the effect that T-O-T bond angle stiffness 

and M-O bond length have on bulk moduli of a variety of feldspars. By studying Val 

Pasmeda anorthite compressibility data above and below the P I—>11 phase transition 

(for full details of this transition see chapter 5) we obtain some idea of what effect 

changing the framework configuration has upon the bulk moduli. Full details of 

sample treatment and the procedure by which an estimate of the state of Al,Si order
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is made, can be found in Carpenter et al. (1985), Angel et al. (1990) and Section 

4.1.4 of this study. Details of the high pressure experiments can be found in Angel et 

al. (1990) and section 4.1.4 of this study.

As we can see from Table 4.10 there is a large decrease in bulk moduli that 

accompanies the P I^11 phase transition for all the An̂ oo anorthites except those with 

Qqjj=0.92. The transition involves a change in framework configuration, and no 

alteration of either the cation chemistry or state of order (Angel, 1988). The 

mechanism for the transition is the tilting of rigid tetrahedra, driven by the need to 

accommodate both applied pressure and the large Ca cations in the cavities of the 

framework. One of the major consequences of the phase transition is the apparent 

shortening of the Ca-O bonds in the high pressure structure, although the volume of 

the cavities as defined by the eight closest oxygen atoms appears to be increased 

(Angel, 1988). A possible explanation as to why the bulk moduli of the feldspar 

decreases across the transition can be seen in Figure 4.5. The maps on the left are 

Fourier sections of the scattering density of Ca at the Mooo site across the phase 

transition, illustrating the change from split sites to single sites. The more relevant 

Mzoo site Fourier sections can be seen on the right; here we can see that the shallow 

and compact potential well at ambient conditions is replaced by a wider more 

elongated section in the high pressure phase. This enlargement of the Ca cation site 

may mean there is more "play" around the framework cavity and also explain why the 

bulk moduli of the II phase is less than the PI phase.
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Figure 4.5: Fourier sections of the scattering density at the Ca sites. The maps on the 
left are sections through the Mooo site at a) room pressure b) 2.5 GPa c) 3.1 GPa. 
Those on the right are the Mzoo site at the same pressures. (After Angel, 1988).
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4.2 Variation of Unit Cell Parameters with Pressure,

Trends in unit cell parameters associated with thermal expansion, compressibility, 

compositional variation, and structural state in alkali and plagioclase feldspars were 

described by Brown et a i  (1984) and Smith and Brown (1988). Brown et a i  (1984) 

showed that feldspar unit cell parameters follow one of three trends in response to 

increasing temperature.

Trend I. This trend is characterized by a coupled b-c expansion. The trend can 

be divided into two parts, (lA) and (IB), separated by the triclinic-monoclinic 

transition in alkali feldspars or its analogue in ordered feldspars. Up to the transition 

or its analogue, y remains unchanged while a, b, c, and volume increase linearly and 

p decreases with increasing temperature. Beyond the transition a continues to increase 

at the same rate, whereas b and c increase less rapidly, but remain coupled. The trend 

is also followed by the alkali feldspars on appropriate M cation substitutions, such as 

K for Na at constant framework composition and structural state.

Trend II. This trend involves an increased rate in expansion relative to ionic 

radius along a, coupled with a small increase in c and p. Little or no change is 

reported in b. In triclinic feldspars y increases while a* remains unchanged. This trend 

is further distinguished from Trend I in that to a variable extent it dimensionally 

resembles changes produced by changes in T site order at constant M cation 

composition beyond the limits of Trend I.

Trend III. This trend involves a large expansion of a, a decrease of p and by 

whereas c remains constant or increases. The trend is quite variable and may depend 

on Trend II or the room temperature position of the sample relative to Trend II.
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Trend I and Trend II are characterized by constructing a quadrilateral the comers of 

which are defined by the cell parameters of analbite, sanidine, low albite and low 

microcline (Figure 4.6).

Using data collected on various sanidines (Hazen, 1976) and low albite (Hazen and 

Prewitt, 1977) it was suggested by Brown et al. (1984) that alkali feldspars follow the 

inverse of Trend I on compression. Analysis of the unit cell parameter changes with 

pressure reveals, a large decrease in o, a coupled b-c compression and a slight 

decrease in p, while y remains constant.

Analysis of the response of unit cell parameters with pressure for the feldspars albite, 

anorthite, reedmergnerite, microcline and sanidine indicates that "inverse behaviour" 

is not commonly the case. For the full set of unit cell parameters see Angel et al. 

(1988), Table 4.7, Table 4.5, Table 4.11 and Table 4.12 respectively. For experimental 

details see Angel et al. (1988), Angel (1992), Section 4.1.2 and Section 4.1.3 

respectively. Plotting the unit cell parameters b against c (Figure 4.6) we can see that 

albite has a slope of 0.7 almost twice the slope of Trend I (0.35), although it does 

follows the major characteristics of Trend I. Reedmergnerite has a slope of 0.6 and 

obeys two of the three trend characteristics, but its p angle increases with pressure. 

Another interesting feature of Figure 4.6 is the displacement between the albite and 

reedmergnerite compression trends. A similar displacement is observed between low 

and high albite; the displacement vector parallels Trend II of Brown et al. (1984). 

Figure 4.6 illustrates how anorthite behaves in a similar way to alkali feldspars with 

pressure in that they also follow Trend I and have a slope of 0.8 up to the phase 

transition at 2.61 GPa. Studies on the high pressure behaviour of Amazonite 

microcline and Eifel sanidine have shown that the inverse behaviour expected from 

the results of Hazen (1976) and Hazen and Prewitt (1977) is not generally the case.
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Figure 4.6: Plots of the unit-cell parameters, b against c for five feldspars obtained 
under compression from X-ray diffraction experiments. The quadrilateral is defined 
by the comers representing the room pressure cell parameters of albite, microcline, 
sanidine, and analbite. Its edges define trends I and II.



a :  (A) b :  (A) c :  (A) a P y V :  (A 3) P r e s s u r e

( G P a )

8 . 5 5 6 ( 2 ) 1 2 . 9 3 5 ( 3 ) 7 . 2 0 8 ( 2 ) 9 0 . 6 8 ( 3 ) 1 1 5 . 9 2 ( 2 ) 8 7 . 6 8 ( 3 ) 7 1 6 . 8 ( 3 ) 0 . 0 0 0 1

8 . 5 0 5 ( 2 ) 1 2 . 9 3 6 ( 2 ) 7 . 1 9 5 ( 1 ) 9 0 . 6 2 ( 2 ) 1 1 6 . 0 3  ( 1 ) 8 7 . 6 4 ( 3 ) 7 1 0 . 6 ( 2 ) 0 . 7 8

8 . 4 8 6 ( 1 ) 1 2 . 9 3 2  ( 3 ) 7 . 1 8 7 ( 1 ) 9 0 . 6 0 ( 1 ) 1 1 6 . 1 0 ( 1 ) 8 7 . 6 3 ( 1 ) 7 0 7 . 9 ( 2 ) 1 . 1 0

8 . 4 6 7 ( 1 ) 1 2 . 9 2 5 ( 3 ) 7 . 1 8 1 ( 1 ) 9 0 . 5 8 ( 2 ) 1 1 6 . 0 9 ( 1 ) 8 7 . 6 2 ( 1 ) 7 0 5 . 2 ( 2 ) 1 . 3 4

8 . 4 4 3  ( 1 ) 1 2 . 9 1 9 ( 2 ) 7 . 1 7 1 ( 1 ) 9 0 . 5 4 ( 1 ) 1 1 6 . 1 0 ( 1 ) 8 7 . 6 2 ( 1 ) 7 0 1 . 7 ( 1 ) 1 . 6 5

8 . 4 0 6  ( 2 ) 1 2 . 9 1 1 ( 3 ) 7 . 1 5 6 ( 1 ) 9 0 . 5 2 ( 2 ) 1 1 6 . 1 6 ( 1 ) 8 7 . 6 5 ( 2 ) 6 9 6 . 5 ( 2 ) 2 . 1 3

8 . 3 8 7 ( 1 ) 1 2 . 9 0 2 ( 2 ) 7 . 1 4 7 ( 1 ) 9 0 . 5 1 ( 1 ) 1 1 6 . 1 5 ( 1 ) 8 7 . 6 1 ( 1 ) 6 9 3 . 6 ( 2 ) 2 . 3 6

8 . 3 6 1 ( 1 ) 1 2 . 8 9 7 ( 2 ) 7 . 1 3 8 ( 1 ) 9 0 . 4 6 ( 1 ) 1 1 6 . 1 6 ( 1 ) 8 7 . 6 1 ( 1 ) 6 9 0 . 2 ( 2 ) 2 . 7 4

8 . 3 2 8 ( 1 ) 1 2 . 8 9 0 ( 3 ) 7 . 1 2 4 ( 1 ) 9 0 . 4 3  ( 2 ) 1 1 6 . 1 7 ( 1 ) 8 7 . 5 8 ( 2 ) 6 8 5 . 7 ( 2 ) 3 . 2 8

8 . 3 1 4 ( 1 ) 1 2 . 8 8 8 ( 3 ) 7 . 1 1 8 ( 1 ) 9 0 . 4 5 ( 3 ) 1 1 6 . 1 9 ( 1 ) 8 7 . 5 9 ( 3 ) 6 8 3 . 8 ( 2 ) 3  . 3 4

8 . 2 8 5 ( 2 ) 1 2 . 8 8 0 ( 3 ) 7 . 1 0 5 ( 2 ) 9 0 . 4 1 ( 3 ) 1 1 6 . 1 8 ( 1 ) 8 7 . 5 6 ( 3 ) 6 7 9 . 7 ( 2 ) 3 . 7 7

8 . 2 6 8  ( 2 ) 1 2 . 8 7 7 ( 3 ) 7 . 0 9 7 ( 2 ) 9 0 . 4 3 ( 3 ) 1 1 6 . 2 0 ( 2 ) 8 7 . 4 9 ( 3 ) 6 7 7 . 3 ( 3 ) 3 . 9 7

8 . 2 5 7 ( 1 ) 1 2 . 8 7 4 ( 2 ) 7 . 0 9 3 ( 1 ) 9 0 . 4 5 ( 1 ) 1 1 6 . 2 3 ( 1 ) 8 7 . 5 5 ( 1 ) 6 7 5 . 6 ( 2 ) 4 . 1 4

8 . 2 5 6 ( 1 ) 1 2 . 8 7 5 ( 3 ) 7 . 0 9 3 ( 1 ) 9 0 . 4 7 ( 2 ) 1 1 6 . 2 3 ( 1 ) 8 7 . 5 5 ( 2 ) 6 7 5 . 6 ( 2 ) 4 . 1 8

8 . 2 3 2 ( 1 ) 1 2 . 8 7 0 ( 3 ) 7 . 0 8 4 ( 1 ) 9 0 . 4 8 ( 2 ) 1 1 6 . 2 5 ( 1 ) 8 7 . 5 4 ( 2 ) 6 7 2 . 5 ( 2 ) 4 . 4 8

8 . 2 2 1 ( 1 ) 1 2 . 8 6 6 ( 3 ) 7 . 0 7 8 ( 1 ) 9 0 . 4 7 ( 3 ) 1 1 6 . 2 6 ( 1 ) 8 7 . 5 6 ( 3 ) 6 7 0 . 8 ( 2 ) 4 . 6 6

8 . 1 9 9 ( 1 ) 1 2 . 8 6 7 ( 3 ) 7 . 0 6 9 ( 1 ) 9 0 . 5 0 ( 2 ) 1 1 6 . 2 8 ( 1 ) 8 7 . 5 2 ( 2 ) 6 6 8 . 0 ( 2 ) 4 . 9 0

Table 4.11; Unit-cell parameters of amazonite microcline at pressure. Note: numbers 
in parentheses are the estimated standard deviations to the last decimal point quoted.



a :  (A) b :  (A) c :  (A) P V :  (A ]) P r e s s u r e

( G P a )

8 . 5 3 8 ( 1 ) 1 3 . 0 1 4 ( 1 ) 7 1 8 2  ( 2 ) 1 1 5 . 9 9 ( 2 ) 7 1 7 . 3 ( 3 ) 0 . 0 0 0 1

8 . 5 0 5 ( 1 ) 1 3 . 0 0 3 ( 1 ) 7 1 6 9 ( 1 ) 1 1 6 . 0 3 ( 1 ) 7 1 2 . 3 ( 1 ) 0 . 2 4

8 . 4 9 1 ( 1 ) 1 3 . 0 0 2 ( 1 ) 7 1 6 8 ( 2 ) 1 1 6 . 0 8 ( 1 ) 7 1 0 . 8 ( 3 ) 0 . 5 0

8 . 4 5 5 ( 1 ) 1 2 . 9 8 6 ( 1 ) 7 1 5 3 ( 1 ) 1 1 6 . 1 2 ( 1 ) 7 0 5 . 1 ( 1 ) 1 . 0 1

8 . 4 1 2 ( 1 ) 1 2 . 9 7 0 ( 1 ) 7 1 3 6 ( 1 ) 1 1 6 . 1 8 ( 1 ) 6 9 8 . 6 ( 1 ) 1 . 5 5

8 . 3 6 6 ( 1 ) 1 2 . 9 5 7 ( 1 ) 7 1 2 1 ( 2 ) 1 1 6 . 2 2 ( 1 ) 6 9 2 . 5 ( 3 ) 2 . 0 4

8 . 3 5 0 ( 1 ) 1 2 . 9 5 1 ( 1 ) 7 1 1 5 ( 1 ) 1 1 6 . 2 4 ( 1 ) 6 9 0 . 1 ( 2 ) 2 . 3 8

8 . 3 2 4 ( 1 ) 1 2 . 9 4 0 ( 1 ) 7 1 0 5 ( 2 ) 1 1 6 . 2 7 ( 1 ) 6 8 6 . 2 ( 2 ) 2 . 7 0

8 . 3 0 8 ( 1 ) 1 2 . 9 3 5 ( 1 ) 7 0 9 7 ( 1 ) 1 1 6 . 2 8 ( 1 ) 6 8 3 . 9 ( 1 ) 2  . 8 5

8 . 2 8 2 ( 1 ) 1 2 . 9 3 2 ( 1 ) 7 0 8 9 ( 1 ) 1 1 6 . 2 9 ( 1 ) 6 8 0 . 7 ( 1 ) 3 . 2 2

8 . 2 5 9 ( 1 ) 1 2 . 9 2 2  ( 1 ) 7 0 7 8 ( 1 ) 1 1 6 . 3 0 ( 1 ) 6 7 7 . 1 ( 1 ) 3 . 4 8

8 . 2 3 0 ( 1 ) 1 2 . 9 1 4 ( 1 ) 7 0 6 6 ( 1 ) 1 1 6 . 3 4 ( 1 ) 6 7 3 . 1 ( 2 ) 3 . 8 4

8 . 1 9 5 ( 1 ) 1 2 . 9 0 5 ( 1 ) 7 0 5 1 ( 2 ) 1 1 6 . 3 6 ( 2 ) 6 6 8 . 2 ( 3 ) 4 . 3 6

8 . 1 5 5 ( 1 ) 1 2 . 8 9 5 ( 1 ) 7 0 3 4 ( 1 ) 1 1 6 . 3 9 ( 1 ) 6 6 2 . 7 ( 2 ) 4 . 9 2

8 . 1 2 5 ( 2 ) 1 2 . 8 9 0 ( 2 ) 7 0 2 1 ( 4 ) 1 1 6 . 3 7 ( 3 ) 6 5 8 . 9 ( 6 ) 5 . 2 3

Table 4.12: Unit-cell parameters of Eifel sanidine at pressure. Note: numbers in 
parentheses are the estimated standard deviations to the last decimal place quoted.



From Figure 4.6 we can see that the potassium rich feldspars display much steeper 

trends on the b-c plot than were expected, with slopes of 1.4 for sanidine (monoclinic) 

and 1.9 for microcline. Both minerals show two of the major characteristics, but their 

P angles decrease with increasing pressure. As in low and high albite there is a 

displacement between sanidine and microcline mirroring Trend n.

Thus, the concept of "inverse behaviour" first proposed by Megaw (1974) appears to 

be an over-simplification of the structural changes which take place when a material 

is subject to high pressures. The idea of analogues variables (Hazen, 1976; Hazen and 

Prewitt, 1977), where the effect of composition, temperature and pressure are 

compared is limited to Trend I. Analysis of high pressure compressibility data 

demonstrates that the idea of "analogous variables" is more limited than previously 

thought.

4.3 Variation of Strain Tensors with Pressure.

As most feldspars are triclinic, we are denied the opportunity to directly compare the 

effect of pressure on the structure. This is because the choice of unit cell is arbitrary 

and there is nothing significant in the compression in any particular setting. Thus, the 

concept of strain is used to analyze the effect of hydrostatic pressure on the feldspar 

framework. In order to understand the concept of strain in crystal structures, it is best 

to first consider the one dimensional case. Figure 4.7 shows an extendible string. An 

origin O is first marked and the string is then stretched. After stretching, a point P on 

the string moves to P \  Let a point (2, move to Q* during stretching and let PQ=^ùa. 

Then P'0'=Ax+Am.
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OP — X and OP' =  x-\-u, 

 .______ æ  A æ ^
0  P  a

0  />' q!

Figure 4.7: The deformation of an extendible string: a) unstretched; b) stretched 
(After Nye, 1957).

The study of strain is not concerned with the actual displacement of points but with 

their displacements relative to one another. The strain of the section PQ is defined as:

increase length _ P'Q^-PQ _ Au 
original length PQ Ax

(4.4)

The strain at the point F is defined as:

* = i f  = f

(4.5)

When dealing with strain in a three dimensional body the variation of the 

displacement with position X; in the body, is used to define nine tensor components:
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(4.6)

The subscripts of the tensor components have the following meanings.

i) Bii, €2 2 , %  are the extensions per unit length parallel to the axes Oxj, Oxj, Ox^

respectively.

ii) g/ 2  is the rotation of the line element parallel to OX2  towards Ox  ̂ about the Ox^

axis.

iii) 6 2 1  is the rotation of the line element parallel to Oxj towards OX2  about the Ox^

axis.

and similarly for the other

If the body merely undergoes rotation with no strain, the corresponding is

antisymmetrical. An origin on the axis of rotation is chosen, giving:

“< = V v

(4.7)

In a pure rotation, the displacement of any point is perpendicular to its radius vector. 

Therefore, (scaler product), or:

(4.8)

The above equation is true for all and thus the coefficients on left hand side must
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all be zero. Hence:

««  = 0 ,  if 1 = 0

(4.9)

and

«(/ =  ' V  V i * i

(4.10)

which are the conditions that [Ey] should be antisymmetrical. The strain tensor is 

defined as the symmetrical part of [gÿ]:

(4.11)

or

®12 3̂1

1̂2 ®22 ®23

3̂1 2̂3 3̂3

«11 j ( « 1 2 + « 2 l)  j ( « 1 3 + « 3 l )

—(g l2 + « 2 l)  «22 2  ^^23 ^ « 32)

—(«,3 +6 3 1 ) —(«2 3 + 3̂ 2 ) 3̂3

(4.12)

The diagonal components of are tensile strains, the other components measure shear 

strains. Strain is a symmetrical tensor and may be referred to by its principal axes.
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The shear components vanish and we have:

®12 ®31 «1 0 0

G12 ®22 823 - 0 «2 0

G3I ®23 G33 0 0 ®3.

(4.13)

The geometrical meaning of principal strains can be explained by taking a unit cube 

with edges parallel to the principal axes. On straining, the lengths of the edges become 

(l+Ei), ( 1 +6 2 ) and ( 1 +6 3 ) while remaining at right angles to one another. The principal 

axes of strain only remain in the same direction if rotation is zero; the defining 

property of these axes is that they are three mutually perpendicular directions in body 

which remain mutually perpendicular throughout deformation.

In the following section the room pressure unit cell is retained as the reference state, 

and the strain tensor is calculated as the change in unit cell parameters induced by the 

increase in pressure. The change in volume of the unit cell is given by:

A = ( l + E j ) ( l + e 2 ) ( l + C 3 ) - l  «  C1+C2+C3

(4.14)

The principal strains, e,, £ 2  and £ 3  are all negative for compression and thus the 

isothermal linear coefficient of volume compressibility, p, is given by:

P =
V - V

= -(Ci+e2+c,)

(4.15)

147



The negative strains during compression also mean that the convention I ej > I ej 
> I £3! is used; this means that the principal axis is the most compressible 

direction and £ 3  is the stiffest direction. The strain is best visualized as an ellipsoid 

with the principal axes as its lengths. The ellipsoid represents a shape that an initially 

spherical object would acquire if subjected to the same strains as a crystal structure. 

Strain orientation is best represented in two dimensional form by means of stereogram 

which includes the principal axes and the unit cell vectors of the reference unit cell.

The behaviour of feldspars strain tensors upon compression are shown in Figures 4.8, 

4.9, 4.10 and 4.11. Calculations were earned out using the strain program of Ohashi 

(Hazen and Finger, 1982, Appendix H). In monoclinic feldspars one of the three 

principal strain axes must lie parallel to the diad along the 6 -axis. This means that the 

two remaining axes must lie within the (010) plane. The strain ellipsoid calculated 

from the cell parameters of Or̂ g sanidine (Angel et al., 1988) and Orgj sanidine have 

the least compressible direction parallel to the diad axis (Figure 4.8). The second 

principle axis £%, is parallel to the c-axis, leaving the most compressible direction of 

the structure parallel to the (100) plane normal. Examination of both of the microcline 

strain ellipsoids (Figure 4.9) indicates that the strain axis rotate significantly during 

compression. Re-orientation of the compression mechanism (Chapter 6 ) at -3.7 GPa 

seems to have no effect upon the progress of £̂ , £% and £ 3  towards the orientation 

found in sanidine. Comparison of the principal unit strains indicates that approximately 

60% of the volume compression of the K-feldspars is accommodated by linear 

compression along the £, strain axis, which in all the cases shown coincides with, or 

is close to, the (100) plane normal. The similarities between the behaviour of albite 

and reedmergnerite upon compression are apparent in the anisotropies and orientations 

of their strain ellipsoids. We can see that much of the compression of both structures 

is accommodated by a linear compression along a direction close to the ( 1 0 0 ) plane 

normal (Figure 4.10). The substitution of boron for aluminium leads to a rotation, 

relative to albite, of the strain ellipsoid which results in £ 3  moving closer to the c-axis.
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0 2  moving closer to the 6-axis, and E, moving closer to the fl-axis. Comparison of the 

principal unit strains indicates that approximately 60% of the strain is accommodated 

along the Ej strain axis for both structures.

B

Figure 4.8: Orientation of the principal strain axes of the strain ellipsoids describing 
feldspars under pressure. A) sanidine Or̂ gAbz: B) sanidine Orĝ Ab̂ g.
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B

Figure 4.9: Orientation of the principal strain axes of the strain ellipsoids describing 
feldspars under pressure. A) Amazonite microcline Orĝ ; B) Norwegian microcline
Orgs-
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B

Figure 4.10: Orientation of the principal strain axes of the strain ellipsoids describing 
feldspars under pressure. A) Albite AbçgAniOri; B) reedmergnerite.
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; a. e

Figure 4.11: Orientation of the principal strain axes of the strain ellipsoids describing 
feldspars under pressure. A) Anorthite An,oo (Qoo=0 92); B) anorthite Anjoo 
(QoD^'28); C) An̂ yAb̂ g.
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Investigation of Val Pasmeda anorthite unit cell parameter changes with pressure 

shows how the strain ellipsoids and thus the compression mechanisms, are unaffected 

by the degree of Al/Si disorder in the structure (Figure 4.11). The principal unit strains 

for the ordered anorthite are calculated from the unit cell parameters of the Val 

Pasmeda sample (6oD=0.92) (Angel et a/., 1988 and this Study) while the disordered 

anorthite principal unit strains are calculated from the unit cell parameters of Val 

Pasmeda/6 (OoD=0 78) (Angel, 1992). The pattern of deformation seems to unaffected 

by the P1-»I1 phase transition at high pressure. Analysis of the strain ellipsoids 

(Figure 4.8) indicate that the orientation of the principal strains are very different to 

that found in alkali feldspars. The maximum compression occurs close to the (CX)1) 

plane; this is probably caused by the large increase in the value of y as pressure is 

increased. Comparing the strain ellipsoids of Val Pasmeda anorthite (Anjoo), 97490/1 

(An2 7 Ab7 3 ) (Figure 4.11) and Amelia albite (AniAb^gOr^) (Figure 4.10) we see that 

changing the composition of the plagioclase feldspar leads to rotation of the principal 

unit strains. As the albite content increase we see a gradual rotation of Eg towards the 

(100) plane, and rotation of away from the (1(X)) plane. Eg remains constant 

throughout the composition change.

4.4 Conclusions.

This study has attempted to demonstrate the relative effects of the "M" cation, T-site 

substitution, Al,Si disorder, and framework configuration on the compressibility of the 

feldspar structures. Much of the data collected appears to agree with the findings of 

Angel et al. (1988), and Hazen and Finger (1982). They concluded that the T-O-T 

linkages play a dominant role in determining the bulk moduli of feldspars, and that 

the largest contribution to this behaviour comes from the "M" cation. However, if the 

trend of decreasing bulk moduli with decreasing Qq̂  in anorthite is assumed to be 

linear, the bulk modulus of a fully disordered sample would be -60  GPa, a value close

153



to that of alkali feldspars. This implies that variation in bulk moduli could be 

attributed to the increasing disorder across the plagioclase join, and that the M-O 

repulsions have a secondary role during feldspar compression. The argument is further 

complicated by reference to a recent compressibility study of strontium anorthite. High 

pressure studies on Sr-anorthite (McGuinn and Redfem, 1993) have revealed a bulk 

modulus of 200±25 GPa (preliminary estimate). This is two and half times the value 

for the bulk modulus of Ca-anorthite. The size of the "M" cation in the anorthite 

(Ca=1.12Â, Sr=1.25Â) will not account for this large difference in bulk moduli, as 

alkali feldspars contain "M" cations with large differences in ionic radii (Na=1.16Â, 

K=1.51Â), and yet have similar values for bulk moduli (Table 4.9). If the changes in 

bulk moduli with framework configuration are also considered, one can see that the 

mechanism of framework compressibility is much more complex than originally 

thought. Analysis of the changes with pressure of the unit-cell parameters, and the 

strain tensors have also helped to infer some of the mechanisms of structural response 

to pressure. However, the complexity of feldspar structures make it difficult to isolate 

the mechanisms of compression. In order to resolve the individual mechanisms taking 

place during compression, full structure determinations of feldspars must be carried 

out at high pressure.
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5. The Behaviour of Anorthite at High Pressures and 

Temperatures.

5.1 Introduction.

The structure of anorthite CaAljSijOg was determined by Kempster et aL (1962), and 

subsequent refinements of the pure anorthite structure were carried out by Wainwright 

and Starkey (1971), Czank (1973), Kalus (1978), Wruck (1986) and Angel et al. 

(1990), amongst others. The room temperature structure of anorthite belongs to the PI 

space group and has the approximate dimensions of 8 x 13 x 14 A. The cell consists 

of four subcells, each with the formula unit CaT^O, related by a centre of symmetry. 

When fully ordered. Si and A1 tetrahedra alternate so that each O atom has one Si 

neighbour and one A1 neighbour, in accordance with Loewenstein’s rule (Loewenstein, 

1954). In reciprocal space, anorthite has four times the number of lattice points of 

albite. This gives rise to four types of reflections, these are classified as follows 

(Bown and Gay, 1958):

a) (hkl) with 1 even and (h+k)=even

b) (hkl) with l=odd and (h+k)=odd

c) (hkl) with l=odd and (h+k)=even

d) (hkl) with l=even and (h+k)=odd

Analysis of the PI, II and Cl plagioclase structures (Wenk and Kroll, 1984) revealed 

the structural contribution to 6, c and d type superstructure reflections using Fourier 

analysis.
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In the basic albite type structure with space group C l, all four tetrahedra ring units 

are identical within a chain. In the II structure two rings are no longer equivalent and 

there is reverse Al,Si distribution (Loewenstein, 1954). This causes the z-axis to 

double and leads to the occurrence of b superstructure reflections in addition to the 

"basic" «-reflections of albite. When symmetry is further reduced from II to PI the 

two parallel chains at x,y~0 and x,y~l/2 are no longer equivalent and gives rise to 

extra superstructure reflections c and d. The main contribution for c and d reflections 

comes from Ca occupancies. The c-reflections are also linked to Og, Oq, 0^(1) and 

Tj atoms. The d-reflections are linked to the T ,̂ TjCm) and Og(m) atoms.

Well ordered end-member anorthite has symmetry PI at room temperature and 

pressure. On heating to temperatures above 240*C anorthite undergoes a phase 

transition to a structure with 11 symmetry, as evidenced by the disappearance from the 

diffraction pattern of the superstructure reflections c and d (Brown et al., 1963, and 

studies thereafter). Application of pressure to the anorthite structure at room 

temperature (Angel et aL, 1988; Angel, 1988) also results in a phase transition to a 

structure with 11 symmetry, the same as observed at high temperatures. The pressure 

at which this transition occurs has been shown to increase with albite content of the 

anorthite (Angel et aL, 1989) and with the degree of disorder of the A1 and Si within 

the tetrahedral framework of the structure (Angel, 1992). The transition is non- 

quenchable on the time scale of the X-ray experiments, and neither the high pressure 

or high temperature phases can be recovered at ambient conditions. The structure of 

the high pressure phase, in contrast to that at high temperatures, shows single sites for 

the Ca atoms within a framework with true 11 symmetry.

1 have undertaken a series of in-situ measurements of the cell parameters of end 

member anorthite at simultaneous high pressures and temperatures in order to 

determine by in-situ reversals, whether the phase transitions at high pressure and high 

temperature are related.
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5.2 The High Temperature P l-Il Phase Transition in Anorthite.

The reversible P l-Il transition was discovered by Brown et al. (1963), who reported 

the transition temperature to be 350*C. Using precession photography at high 

temperatures they demonstrated that the c reflections (h+k=even, l=odd) gradually 

became diffuse with increasing temperature and could not be detected beyond the 

critical temperature, T .̂ Bruno and Gazzoni (1967) using film techniques at high 

temperatures, observed a continuous and reversible change in the diffuseness of c- 

reflections. The reflections were seen to disappear between 125*C and 350*C 

depending upon the composition and thermal history of the sample. Using a single 

crystal sample, Foit and Peacor (1967) reported the diffuseness increased between 

25"C and 350’C. However, the authors were ambiguous as to whether the c-reflections 

were absent above or merely too weak and diffuse to be observed. Frey et al. 

(1977) made neutron diffraction measurements of the intensities of some c-reflections 

in the elastic setting, which go to zero at a critical temperature of 237'C.

Laves et al. (1970) were the first to suggest that c-reflections persist beyond T̂ . These 

single crystal studies reported that the a and b reflections remain sharp until the 

melting point at 1540*C, while c-reflections become diffuse with increasing 

temperature but remain observable up to and above 400’C. X-ray studies carried out 

by Czank (1973) reported that although the intensity of c-reflections becomes very low 

beyond T̂ , they do not disappear entirely. Adlhart et al. (1980) made neutron 

diffraction measurements of the intensities in an elastic setting. They found that 

although the intensities of some c-reflections go to zero at 7 ,̂ for others continually 

decreasing intensities remain above (241'C). Electron diffraction and microscopic 

studies of the high temperature transition are presented in the studies by Chose et al. 

(1988), Hatch and Chose (1989) and Van Tendeloo et al. (1989). These papers argued 

that transitions such as these, are associated with the formation of antiphase domains 

(APDs). The interfaces separating these domains are observable by diffraction contrast
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in an electron microscope. At temperatures just below the APD boundaries (APBs) 

become unstable and begin to change configuration. At the same time small APDs in 

the form of small closed loops form and disappear with slight changes in temperature 

(1 or 2*C). At temperatures of approximately 150*C above T ,̂ the frequency of the 

APB fluctuations increases to such an extent that individual interfaces can not be seen 

and a shimmering effect is observed on imaging in dark field images using diffuse c- 

reflections. On cooling through the APBs reappeared. Using this method the 

critical temperature was placed at 243*C.

These differing observations at high temperature led to the formulation of a number 

of models to explain the behaviour of anorthite during the transition:

1) The Czank model.

Using electron microscopic studies of the domain structure observed using a c-type 

reflection for imaging, Czank et aL (1972) were the first to formulate a model to 

explain the nature of the P l-Il transition in atomistic terms. They suggested that 

although the Si-O-Al framework was considered to be primitive at room temperature, 

it was in fact topologically body-centred. They inferred that as temperature was 

increased the structure became more body-centred. This theory was supported by 

subsequent high temperature anorthite structure determinations carried out by Czank 

(1973) and Foit and Peacor (1973) who suggested that the structure was not truly 

body-centred at high temperature. Czank et al. (1972) and Czank (1973) proposed that 

the framework atoms of the II structure are body-centred while the Ca atoms occupy 

primitive sites. It was suggested room temperature all the Ca atoms are fixed to one 

of the two possible positions, preferably the most energetically attractive site. As 

temperature is raised the probability of a Ca atom occupying a less favourable site 

increases. Microdomains of either body-centred structure or primitive structure are 

formed by correlation between sites in adjacent unit cells. At higher temperatures the 

structure is body-centred as the atoms which were metrically different become very
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nearly equivalent. Thus, according to Czank et al. (1972) the structure observed is a 

space average of near body centred domains. This model accounts for the persistence 

of c-reflections after 7̂ .

Nuclear magnetic studies (NMR) of ^A1 in anorthite as a function of temperature 

(Staehli and Brinkmann, 1974), found that at pairs of the eight inequivalent A1 sites 

become equal, resulting in four inequivalent sites in the high temperature structure. 

Thus the high temperature NMR study directly contradicts Czank’s model.

2) The Smith model 

Using the high temperature structure determinations of Czank (1973), Smith (1974) 

proposed a model which took into account the doubled peaks for the two independent 

Ca atoms. The calcium atoms in the II structure, it was suggested, jumped rapidly 

between two positions related to those in the PI structure. The aluminosilicate 

framework would flex in response to the Ca atoms movement, in order to retain the 

Ca-O bond lengths. At low temperature the Ca thermal motion would be low and the 

Ca would remain in one site. As temperature increased the jumping frequency would 

increase. Re-examination of the anorthite crystal structure determined by Megaw et 

al. (1962) indicated that the initial "Ca jumping model" was rather simplistic. The 

strength of the Ca-O bond length was found to be soft when compared to the rigid 

nature of the framework. Megaw et al. (1962) also concluded that the coupling 

between the Ca atom and the framework was weak. This meant that the split atom 

refinement of the II structure arose from the time averaging of the two PI positions. 

Staehli and Brinkmann (1974) proposed that if the Ca atom was distributed between 

two sites then this should give rise to two different A1 resonance lines for each A1 site. 

Therefore, one would expect eight signals in the high temperature phase. In practice 

only four signals were observed. This, they assumed, was probably caused by the high 

frequency of the jumping Ca atoms when compared to the precession frequency of the 

A1 nuclei in the local field. From the line width a jump frequency much larger than
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6 KHz was deduced. Adlhart et al. (1980) carried out a number of X-ray and neutron 

diffraction experiments which demonstrated an increase in the diffuse scattering 

intensity of c-reflections around T .̂ It was assumed because of the temperature 

dependence of the diffuse intensity within the transition zone, that this intensity has 

an inelastic origin (thermal diffuse scattering). The instrument has a finite energy 

window and thus the frequency of the dynamic process must be lower than 10̂  ̂Hz.

3) The Adlhart model,

Adlhart et al. (1980) noted that diffuse scattering found by X-rays and neutron 

experiments has a diffuse maximum at the phase transition. An anisotropy of the 

diffuse scattering along the reciprocal b* and {a-b*) directions was observed. Adlhart 

et al. (1980) proposed a soft mode model to explain the atomistic mechanism behind 

the phase transition. This model centred around a condensing Brillouin zone-boundary 

phonon, where the amplitudes became larger and finally condensed out at T .̂ Using 

the structure refmement of Kalus (1978) they concluded that the transition is driven 

by the Ca atoms, and that the coupling between the framework and the Ca atoms is 

strong. Figure 5.1 demonstrates schematically how the phase transition can be 

performed. The soft mode condenses in the crystal with a relative phase shift of n and 

produces an antiphase structure in the low temperature phase. At high temperatures, 

the PI in-phase and antiphase domains are dynamic and separated by zero energy 

boundaries. This model is plausible, although it fails to explain two experimental facts, 

namely, the persistence of residual c-reflections and the split atom refinement of the 

Ca atom in the II structure.
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4) The Chose model.

Using electron diffraction and electron microscopic studies, Ghose et al. (1988), Hatch 

and Ghose (1989) and Van Tendeloo et al. (1989), presented a dynamical model for 

the phase transition, which is initially driven by a soft mode mechanism, followed by 

an order-disorder mechanism near T̂ . The soft mode mechanism causes the 

aluminosilicate framework to approach body-centred symmetry with increasing 

temperature. The order-disorder mechanism involves interchanges in the 

stereochemical configurations around the Ca^  ̂ions within the framework. Close to 

statistical fluctuations set in, and breathing motion type lattice vibrations of the 

framework causes the configurations around Ca(ooo) and Ca(oio), and Ca(zoo) and 

Ca(zio) in the PI configuration to dynamically interchange through an intermediate 

II configuration. Above 7 ,̂ large c-type antiphase domains break up into small 

dynamically mobile domains. The high temperature structure is then a statistical- 

dynamical average of the small highly mobile PI domains. This is consistent with the 

shimmering effect observed above T,. The replacement of the large c-domains with 

smaller domains above is consistent with the dramatic increase of the c-reflection 

peak width observed by Adlhart et at. (1980) and adheres to the soliton theory put 

forward by Bruce (1981). The proposed transition mechanism involves a gradual 

change in the aluminosilicate framework towards the II symmetry as critical 

temperature is approached. Close to an order-disorder mechanism involving the Ca 

atoms finally drives the transition. This would mean that the transition is first order, 

although the energies involved in the order-disorder process may be too small to be 

detectable in the measurement of macroscopic properties.

5) The Redfern model.

Redfem and Salje (1992) carried out high temperature hard mode infrared 

spectroscopy experiments in order to study the dynamic character of the P l-Il phase 

transition in anorthite. Anomalous line broadening of the 582 cm^ absorption band 

was noticed in the temperature interval of 150“C about 7 .̂ Using the theory of
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anomalous temperature dependence of phonons near for zone boundary transitions 

(Matsushita, 1976), the dynamic fluctuations were expected to have a time interval of 

6 X 10*° Hz. At temperatures greater than the additional line broadening 

disappeared, allowing the authors to reject an order-disorder model for the high 

temperature phase since no large volume of the PI phase appeared to exist at high 

temperature. The findings of this study agreed with the idea that the phase transition 

is driven by a soft mode (Adlhart et a i, 1980). Close to the lattice distortions 

showed fluctuations which go beyond the scope of a simple soft mode model. This 

was attributed to a coupling between the Ca atom flips and the lattice distortion, so 

that the Ca atoms act as an additional heat bath and stabilize the soft mode. If 

coupling was weak the Ca atom could retain PI symmetry although the framework 

is strictly II. This factor along with lattice imperfections and chemical pinning could 

explain the persistence of c-reflections past (Czank et al., 1972; Ghose et al., 1988; 

Van Tendeloo et al., 1989).

5.3 The High Pressure P l-Il Phase Transition in Anorthite.

In 1988 Angel et al. carried out a compressibility study of Val Pasmeda anorthite 

using single crystal X-ray diffraction methods in a diamond anvil cell. Significant 

metrical discontinuities indicated a first order phase transition at pressures between 

2.55 and 2.95 GPa. Further studies by Angel and Ross (1988) placed the transition at 

2.61 ± 0.06 GPa. The crystal structure of anorthite was determined by refinement of 

single crystal X-ray diffraction data collected at 0.0001, 2.5 and 3.1 GPa by Angel 

(1988). In order to carry out straight comparisons between the high and low pressure 

phases, the II structure was refined from all three sets of data collected. Thus, the 

structure determinations at 0.0001 and 2.5 GPa represent an average structure in which 

each atom (except Ca) is used to represent two atoms in the true structure which are 

approximately related by the I-lattice vector, 1/2, 1/2, 1/2. This means that the bond
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lengths and angles quoted in Angel (1988), are an average of those that would be 

determined in a PI structure refinement The refinements of the data collected at 2.5 

GPa indicate that the structure remains essentially the same as that at 0.0001 GPa. 

Average T-O bond distances and O-T-0 bond angles remain unchanged. However, the 

Ca-O bonds do show a reduction with increasing pressure. Thus, between 0.0001 and 

2.5 GPa, compression within the anorthite structure is accommodated by reduction in 

the Ca-O bond length and T-O-T bond angles.

Angel et a/.(1988) found that the diffraction pattern of anorthite above the phase 

transition shows a change in the relative intensities of the reflections, with a >  b »  

c, d. The few c and d reflections remaining appeared extremely diffuse. This would 

imply that the structure retains a P lattice. However, a complete data collection of c 

and d  reflections during the study reported in the structure paper (Angel, 1988) 

revealed that the previously reported c and d reflections were little more than 

background noise. This confirms that at high pressure the anorthite structure adopts 

an I lattice. Examination of the anorthite structure at 3.1 GPa indicates that the T-O 

bond lengths and O-T-0 bond angles show no significant changes to the low pressure 

structure. In contrast, a large change in the T-O-T bond angles is observed. The largest 

changes are those at Og(mo), Og(mz), O d ( o o )  and Oo(mz), which correspond to the 

sites showing the largest deviation from the II structure in the low pressure phase. 

This means that differences in the T-O-T bond angle arise from the elimination of the 

averaging present in the low pressure structure. Thus, the results from the structural 

analysis suggest that the phase transition can be described as a tilting of the rigid 

tetrahedra to bring the tetrahedra related by the pseudo-I symmetry into true 

equivalence. The phase transition is driven by a need to accommodate the applied 

pressure and the large Ca cations in the framework cavities. Analysis of the structure 

based upon the data set collected at 3.1 GPa show single sites for the Ca atoms, in 

contrast to the split sites observed in the high temperature II phase. In the following 

sections, details and results of a high pressure, high temperature X-ray diffraction
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study of the P l-Il phase transition are reported. This is followed by a discussion of 

the atomistic and thermodynamic nature of the transition.

5.4 Details of The High Pressure-Teihperature Experiments.

The phase transitions that Val Pasmeda anorthite undergoes at high pressure and high 

temperature are both non-quenchable. Conventional experimental petrology is based 

upon the interpretation of products quenched from high temperature and pressure. 

Thus, in order to investigate the changes that affect anorthite, it is necessary to carry 

out in-situ experiments using a modified diamond anvil cell (DAG) (Chapter 3). Single 

crystal X-ray studies in a DAC is the only method sensitive enough to detect the 

subtle changes in structure which effect the Val Pasmeda anorthite.

The anorthite crystals used were from the Val Pasmeda locality in South Tyrolia 

Austria, and have been fully characterized by Carpenter et al. (1985). The crystals 

were taken from vugs of thermally metamorphosed limestone. The samples have a 

variable composition between 99.5% and 100% An composition (Carpenter et a/., 

1985). Thermodynamic analysis of the sample carried by Carpenter (1988) reinforced 

the findings of Kirkpatrick et al. (1987) concluding that the Al/Si distribution is 95% 

ordered. A full structure determination carried out by Angel et al. (1990) concluded 

that the Al/Si distribution is 92% ordered.

The anorthite samples were selected by first viewing the crystals under cross-polars 

in order to eliminate any specimens containing obvious twins or optical imperfections. 

Single crystal samples of approximate dimensions 100 x 100 x 40 pm were then 

placed on conventional glass fibre-mount and a number of X-ray diffraction peak 

profiles recorded on the diffractometer at room temperature and pressure in order to 

give some idea of the quality of the crystal. The chosen anorthite sample was then
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mounted in the modified high temperature, high pressure cell (see Chapter 3). The 

selected sample was attached to the lower diamond anvil by means of a highly diluted 

high temperature cement. In order to verify that attaching the sample to the lower 

diamond anvil had no effect upon the variation of the unit cell parameters with 

pressure or temperature, a number of experiments were carried out in the high P-T cell 

at room pressure and high temperature. Figure 5.2 shows the results of a number of 

X-ray diffraction experiments at high temperature on the Val Pasmeda anorthite in the 

high P-T cell. We can see that the unit cell parameters collected closely follow the 

lattice parameter variation with temperature, as determined by Redfem et al. (1988). 

Experiments carried out at room temperature in the high P-T cell also indicate that the 

anorthite sample undergoes a first order transition at ~ 2.6 GPa. Thus, we can 

conclude that gluing the crystal sample to one of the diamond anvils has no 

observable effect upon the samples behaviour.
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Once the experimental techniques at high temperatures and pressures had been tested 

the cell could be fully assembled. The anorthite sample was again placed on the lower 

diamond anvil using high temperature cement. The lack of an optical access hole in 

boron carbide backing discs precludes the use of ruby fluorescence lines to determine 

pressure. Thus, in order to measure the pressure inside the sample chamber a fluorite 

crystal of approximate dimensions, 150 x 150 x 100 pm, and having the shape of a 

four sided pyramid was placed next to the feldspar sample. When carrying out high 

P-T experiments a large fluorite crystal was preferred in order to make initial 

identification and subsequent centering of the diffraction peaks easier. The gasket was 

then placed around the crystals and the sample chamber filled with a 4:1 solution of 

methanoliethanol. Pressure was generated by tightening the three screws. The modified 

DAC was attached to the heating cradle by means of three brackets and the whole unit 

then mounted on a conventional Huber goniometer head. The high P-T cell was 

mounted on an Krisel-automated Picker four-circle diffractometer equipped with Mo 

X-ray tube = 0.7107 A) and typically operated at 40 kV/30 mA.

The first stage of the data collection was to determine the pressure inside the sample 

chamber. This was achieved by locating six 220 reflections, averaging the two theta 

value of these reflections, and then placing this number through a program written by 

R.J. Angel, based upon Mumaghan equation of state for fluorite (Angel, 1992). Many 

of the performance characteristics of the heaters were unknown, so a decision was 

made to start the data collection at high pressures in order to acquire some idea of 

where the phase boundary might be, and thus shorten the length of the high 

temperature experiments. Pressure at room temperature was determined first, and the 

temperature then increased in steps until the phase boundary was crossed. The change 

in pressure with increasing temperature was found to be quite small (-0.0025 GPa for 

a l O ' C  increase). The high P-T cell was allowed to cool before being transferred to 

the bench in order for the pressure to be lowered. The cell was then re-attached to the 

heating cradle and the temperature slowly increased. Before each data collection the

169



cell was allowed to sit at a pre-adjusted temperature for approximately 45 minutes in 

order for the cell temperature to equilibrate. During temperature equilibration of the 

cell, the chi angle of the heating cradle was constantly changed to prevent heating of 

the chi circle. At higher temperatures it was noticed that the cell would often suddenly 

lose pressure. This was eventually traced back to differential expansion of the screws 

and the triangular supports, and remedied by placing belleville washers between the 

screw heads and the cell body.

Cell parameters were determined at each pressure and temperature from the centering 

of between five and sixteen reflections, using the eight position crystal centering 

method of King and Finger (1979) to eliminate crystal offset errors, diffractometer 

aberrations and absorbtion by the diamond cell. Due to insufficient precision in 

temperature and pressure control the high temperature compressibility of anorthite 

could not be determined reliably. Efforts were therefore concentrated on locating the 

position of the phase boundary in P-T space, which at high pressures is easily located 

by the large changes in unit-cell parameters. This also meant that the esd's were larger 

than those normally considered acceptable in high pressure experiments, but the 

precision was still sufficient to detect the transition. At higher temperatures the step 

in unit cell parameters across the phase transition became less obvious. In these cases, 

the peak profiles of a number of c-refiections were collected above and below the 

transition in order to confirm the boundary had been crossed. One of the original 

intentions of the experiment was to collect intensity data in order to determine the 

structural variation of anorthite at high P-T. However, the restricted access to 

reciprocal space imposed by the modified Merrill-Bassett cell combined with the low 

symmetry of the crystal, prevented any attempt to carry out full structure 

determinations. Another problem associated with this experiment was the inability to 

salvage the sample when rebuilding the cell. During the full study, seven different 

anorthite samples from the Val Pasmeda batch were used to carry out the high P-T 

experiments. The unit cell parameters of anorthite were determined at 51 temperature-
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pressure points (Table 5.1), plus a number of points at room pressure and high 

temperature.
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Table 5.1a; Unit-cell parameters of the anorthite PI phase. Note: numbers in 
parentheses are the estimated standard deviations to the last decimal place quoted.
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5.5 Results of the High Pressure-Temperature Experiments.

The phase boundary determined in these experiments between the PI and II phases 

is shown in Figure 5.3. Between room temperature and ~190"C, there are a number 

of tight reversals across the boundary which appears to be linear and near isobaric, 

with a P-T slope of approximately -0.004 GPa.*C*. As the slope of the boundary 

dP/dT, is equal to A5/AV, the change in volume must remain relatively constant with 

increasing temperature, and the transition remains first order in character at this 

particular area of P-T space. Despite the presence of a discontinuity in the volume 

across the phase boundary, there is no evidence of significant hysteresis at the phase 

transition. However, a small amount of hysteresis would remain undetected due to the 

lack of precision of the pressure and temperature measurements. Above ~190*C the 

boundary has increasing negative slope, dP/dT, over the temperature, pressure range 

195*C/2.0 GPa to 240’C/1.5 GPa with increasing temperature. In the temperature 

range 240*C and 250*C the phase boundary appears to become isothermal.

The rapid change in the slope of the boundary at -190*C is caused by the rapid 

change in unit-cell parameters of the II phase above this temperature, the change in 

unit-cell angles with temperature is shown in Figure 5.4. The change in the unit cell 

parameters leads to a decrease in the volume of the II unit-cell relative to the volume 

of the PI phase, whose unit-cell parameters are relatively invariant throughout its 

stability field (Figure 5.4). Thus, as the temperature is increased, the magnitude of AV 

for the transition between the PI and II phases decreases, and therefore dP/dT 

(=A5/AV) increases in magnitude with increasing temperature.
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The experiments carried out at high pressure and room temperature (Angel, 1988; 

Angel, 1992) have shown there is a marked discontinuity of the unit cell parameters 

of anorthite across the phase boundary, and the complete disappearance of c and d 

reflections in the II phase. The change in the unit cell angles at high pressure cause 

a small volume change, and significant spontaneous strain. The change in scalar strain 

accompanying the transition is shown as a function of transition temperature in Figure 

5.5. The magnitude of the scalar strain (Redfem and Salje, 1987) is calculated from 

pairs of adjacent data points lying either side of the phase boundary. For temperatures 

up to ~190"C, the scalar strain across the phase boundary remains approximately 

constant. At higher temperatures, the scalar strain between adjacent points changes 

rapidly to -70%  of its original value at 1.5 GPa. This is caused by the abrupt change 

in unit cell angles of the II phase with temperature.
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points are plotted against the temperature of the transition line between of the two 
points, and numbers on the diagram give pressures of the transition line at that point.
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In the temperature region of 230“C to 240*C the unit-cell angles change most rapidly, 

and the phase boundary appears to become isothermal. In this region the discontinuity 

in cell parameters across the phase boundary are no longer present. However, we are 

able to distinguish between the two phases by carrying out Cû scans at the positions 

of the c-reflections. The PI stability field is identified by the presence of sharp but 

weak c-type reflections. The II field is identified by the absence of c-type reflections. 

Figures 5.6 and 5.7 demonstrate how this principle is applied. All the plots show the 

intensity against omega in the c-refiection position for adjacent points either side of 

the phase boundary. In each case, we can see that there are sharp, but weak c- 

refiections in the PI phase, and an absence of any intensity in the II phase. The 

position of the phase boundary in this section of P-T space is constrained by the tight 

reversals seen in Figure 5.3. At lower pressures (over the isothermal portion of the 

boundary) identification of the phase boundary becomes more difficult. Figine 5.7 

shows four omega scans taken from two sets of adjacent points which are essentially 

isobaric. Figure 5.7A shows the c-refiection intensity of two widely spaced adjacent 

points at high temperature. Again we can see that the PI field is identified by the 

presence of c-refiection intensity, and the II field by its absence. There was no 

evidence for any diffuse intensity at the c positions, such as that observed ar room 

temperature (e.g Laves et a i,  1970; Czank et a/.,1970; Czank, 1972; Ghose et a/., 

1988; Van Tendeloo et a/., 1989). Figure 5.7B shows the omega scans from two 

closely spaced points at high temperature. The intensity of the c-refiection appears to 

persist at 245*C. The room pressure and higher pressure brackets have fixed the P l-Il 

boundary at ~240*C, so the point at 245*C ought to be in the II field. The persistence 

of the c-reflection intensity probably arises from the temperature fluctuations (±7*C) 

in the high P-T cell during the experiment. The only alternative to this is that the 

boundary is curved at high temperatures, which seems unlikely.
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the P l-Il phase boundary. The filled triangles show the c-reflection intensities in the 
PI phase. The filled squares show the c-reflection intensities in the II phase. The 
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5.6 The Application of Landau Theory.

Salje (1987) was the first to apply Landau theory to the thermodynamic analysis of 

anorthite rich feldspars. This approach proved highly successful in explaining their 

behaviour at high temperatures. In the following section, I will describe how Salje 

applied Landau theory to the high temperature behaviour of anorthite and how this 

was later adapted by Angel (1992) and (Zarpenter (1992) to explain the behaviour of 

anorthite at high pressures.

The excess free energy of the PI phase relative to the high temperature disordered Cl 

reference state can be expressed in terms of two order parameters, Qo and Cod*

(5.1)

Other components of the equation include: the experimental temperature (Tg,p), the 

transition temperatures for the Il-P l and C l-Il (7^ )̂, the coupling coefficients

(fg and g j  of the order parameters Co God to the strain, and a coefficient /w hich

is a function to describe the elastic constants of the material, a, b and c are constants. 

If we now assume that the crystal is stress free when in equilibrium, and that in a 

relatively low temperature experiment the Al,Si order stays fixed, the excess free 

energy of the PI phase with respect to the II is given by the expression:
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By assuming that the excess volume associated with the II-P l transition, V,,, is 

proportional to the G /  (the order parameter of the transition), in the same way that 

the excess entropy is seen to vary with the Landau expansion can be arranged in 

terms of pressure (Angel, 1992; Carpenter, 1992):

A

(5.3)

The transition pressure, P^y is a function of both the experimental, r„_, and Qod-

VO
CO exp J

(5.4)

Angel (1992) carried out a number of high pressure experiments at ambient 

temperature and observed that the pressure of the P l-Il is increased (i.e. the PI phase
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is stabilized) by decreasing the order parameter, Ûqd» indicating that the coupling 

between the two order parameters, represented by e j e ja ^  in the equation above is 

negative. Thus the experimental observations are consistent with behaviour predicted 

by the free energy expansion.

In an attempt to explain the behaviour of anorthite at high pressure and temperature 

the pressure-excess volume term is now included in equation (5.2):

rearranging:

(5.5)

for equilibrium dGldQ=0:

(5.6)

0=4 T - T - . a,

'  V  J

\

/ \ J /

(5.7)
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To find Tc as a function of pressure, set temperature to zero at 0=1:

0 =a +c

Collecting terms and rearranging:

(5.8)

■J. 1
+ \ ‘i jr  V j [ f  V

or:

(5.9)

/

(5.10)

If we assume that the coefficients remain invariant with pressure, as they appear to 

do with respect to temperature (Redfem and Salje, 1987; Redfem et al., 1988; 

Redfem, 1992), the transition temperature changes linearly with pressure. This is 

contrary to the sharp curvature in the phase boundary I observed. In addition to this, 

the transition changes character from tricritical at room pressure (Redfem and Salje, 

1987), to first order at high pressures (Angel et al., 1988). This would require a 

change in the 1/4 bQ^ term, from zero at room pressure to a negative value at high 

pressure. Therefore, another explanation must be sought to explain the behaviour of 

anorthite at high pressure and temperature.
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One possible explanation is that one or more coefficients will vary with pressure; 

either the temperature dependent terms change with pressure, or the pressure 

dependent terms change with pressure. The obvious coefficient to consider is the /  

term which includes the elastic constants of anorthite (Salje, 1987):

= Z v f ,

(5.11)

where is the strain energy and Cy are the elastic constants. For triclinic crystals the 

bulk modulus is given by (Voigt, 1928):

(5.12)

where:

(5.13)

and:

^ 12  ̂ g [(^12 ‘*'̂ 13 ̂ 2̂1) (^23 ‘‘■̂ 31 ■’■̂ 32 ]̂

(5.14)

Previous compressibility studies have indicated that the bulk modulus increases with 

pressure, therefore Cy increases with pressure, therefore the coefficient/increases with
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pressure. The coefficient of is given by:

' ^ 4

(5.15)

so, as /increases becomes smaller. Therefore, the expression in (5.13) becomes 

positive from its zero value at P=(|). This would mean that the transition should 

become second order with the application of pressure, (contrary to the experimental 

results) and thus cannot be regarded as an important influencing factor.

It is obvious from the above discussion that Landau theory cannot be applied to the 

behaviour of anorthite at high pressure and temperature by considering the P l-Il 

transition alone. The sudden curvature of the phase boundary (Figure 5.3) would 

require a sudden change in the coefficients in the free energy expansion. There are 

two possible physical mechanisms which could cause the coefficients to behave in 

such a manner:

1) Coupling to another phase transition at higher pressures and temperatures whose 

equilibrium line does not cross the phase boundary under consideration. The only 

remaining phase transition in anorthite which has not so far been considered, and 

which may couple with is a monoclinic to triclinic inversion transition. Carpenter 

and Ferry (1984) first predicted the symmetry change from Cl to C2/m to occur in 

anorthite well above the melting point of this material at room pressure. If the 

transition were to take place at high pressure and room temperature, the Al/Si order 

would remain unchanged and the triclinic to monoclinic transition would result in a 

symmetry change of II to I2/c. If coupling were to take place between the triclinic 

to monoclinic transition and the P l-Il transition, it would take the form of a linear
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quadratic term, due to symmetry constraints. The coupling could also explain the 

change in transition character. However, recent high pressure studies carried out by 

McGuinn and Redfem (1993) on Sr-anorthite, show a decrease in symmetry from I2/c 

to II at high pressure. This would suggest that opposite transformation does not occur 

at high pressures in anorthite.

2) The existence of a phase transition or crossover in either the PI or II stability field 

that does intersect the P l-Il phase boundary. In the absence of other plausible 

theories to explain the behaviour of anorthite, the following section will discuss the 

possible presence of a new phase boundary within the PI or II phases.

From Figure 5.4 we can see that there is rapid change in the unit cell angles of the II 

phase in the temperature range 230*C to 240‘C. This is strong evidence for the 

existence of a previously unreported phase transition or crossover. The presence of a 

phase transition or crossover in the II stability field would also explain the rapid 

change in slope of the P l-Il phase boundary, as well as the change in the character 

of the transition. If the high pressure and high temperature phases are considered to 

be structurally distinct, the change from one to the other can be described as an 

"isosymmetric transition" (Christy, 1994). Using a mean field approach analogous to 

that of Landau, Christy demonstrated an extension of the classification of structural 

phase transitions which can include the behaviour of anorthite at high pressure and 

temperature. As there is no order-disorder process involved in the P l-Il transition, 

there is no significance to the zero value of the order parameter Q. Thus Q can take 

any value and the origin of Q may be chosen arbitrarily. The free energy of the II 

phases can be described by an expansion in a structural order parameter Q. Since there 

is no change in symmetry, all the powers of Q are permitted in the free energy 

expansion:
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G^=aQ*bQ^*c(^*dQ**...

(5.16)

According to Christy (1994), stable or metastable phases occur for values of Q 

corresponding to a minima of G. Using the 2-3-4 Landau potential constrains Q to be 

equal to zero at one minimum, this obscures the true nature of the crossover transition 

and so the first order term is also included. If the coefficients a...d are dependent on 

intensive variables such as temperature or pressure, the equilibrium value of Q will 

change as pressure and temperature varies. Finding the energy minimum analytically 

requires the calculation of roots in a cubic polynomial dOldQ. Christy (1994) showed 

that the model can be demonstrated graphically. In order to avoid confusion the origin 

of Q is arbitrarily chosen so all roots are positive. Figure 5.8 shows the variation of 

0  with Q. The stationary points of G can adopt any of the topologies shown. The 

graphs labelled " 1 " have only one root, whilst those labelled "2 " have a maximum and 

a minimum. The graphs labelled "3" have three roots corresponding to stable, unstable 

and metastable states. Qualitative investigations (Christy, 1994) revealed how the 

behaviour of the system varies as the a and b coefficients vary. Increasing the 

coefficient a changes the configuration from R2-R3-L3-L2 progressively, or from R1 

to LI, but does not change the shape of the curve. Changing the value of b however, 

changes the shape of the curve.

Thermodynamically, the progression R2-R3-L3-L2 corresponds to a first order phase 

transition. Figure 5.9 attempts to relate the change in dGldQ with the transition 

between the high pressure II phase, and the high temperature II phase in anorthite. 

For the configuration R2, the root corresponds to a unique stable potential minimum. 

Moving towards the R3 configuration, two new roots are generated which are an 

unstable equilibrium and metastable equilibrium. At the crossover, the two outer roots 

correspond to states of equal energy. This is the first order transition point, after which
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the left hand root becomes stable and the right hand root metastable. Moving through 

L2, the lower limit of metastability is reached.

R3 L3

►

R2 L2

R1 LI

Figure 5.8: Variation of G with Q for distinctive geometries of the free energy 
quartic. "R" implies that the global energy minimum is to the right of the curve (low 
Q), "L" implies that the equilibrium lies to the left (high Q). Configurations labelled 
" 1 " have no other stationary points or inflexions; those labelled ”2 " have a region of 
spinodal instability bounded by inflexion points; those labelled "3" have additional 
energy minimum. Stationary points are labelled R, (stable state), Rq, (metastable state) 
and R, (unstable state) (After Christy 1994)
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Thus, isosymmetric phase transitions are necessarily first order, and when plotted 

against intensive state variables (such as pressure and temperature) the equilibrium line 

may terminate at a critical point in P-T space. The progression from R l-Ll involves 

a fast change of the Q parameter from that of the right-hand phase to that of the left- 

hand phase. At this point a crossover or diffuse transition occurs. The data I have 

collected does not distinguish whether the isosymmetric change at high pressure and 

temperature is a first order transition or a crossover.

Expression (5.14) explicitly assumes that Q remains homogeneous through the 

structure. However, structural comparisons of the PI phase, and the high pressure and 

high temperature II phases carried out by Christy and Angel (1994) concluded that 

the II phases have distinct structural configurations, and that the PI phase appears to 

be composed of two structural configurations similar to those found in the II phases. 

This suggests that the free energy of the structure is lowered by the mixing together 

of two structural states as the structure transforms to the PI structure. The order 

parameter, Q, is now inhomogeneous. The following expression is generated by re

writing the free energy expansion in (5.14) in terms of two order parameters, Q, and 

Q2 * that define the structural state of material in its high symmetry form divided into 

two interpenetrant sublattices. A simple expression for G would be:

(5.17)

the final term is a coupling term between the two sublattices. By definition, the II 

phases of anorthite must have Qi=Qz, the free energy expansion in expression (5.17) 

reduces to that in (5.16) and, the two II structures become stable in different regions 

of P-T space. The development of the PI structure occurs when the two sub-lattices 

become inequivalent, and Qi and Q2  have different values in alternating sub-cells of
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the II phase, with order parameter coupling between the sub-lattices represented by 

X. The stable values of Qi and Q2  in the PI phase are essentially those that describe 

the high temperature and high pressure II phases. The expression can be re-written 

in terms of two variables Z=(Q/+Q2 ) / 2  and A=(Û/-Û2 ) / 2  as follows:

G =(ûE+fcE*+cE^+dE*) + ((è+X)A^+JA^) + 3cA ^E  + 6dA^E^

(5.18)

The first term is identical to expression (5.16), and represents the free energy of the 

system if Q is homogeneous with the average value E. The second term is equivalent 

to the Landau free energy expansion for a zone boundary transition with order 

parameter A. Landau symmetry conditions only allow even powers in the order 

parameter. The last term is the allowed linear-quadratic and biquadratic coupling terms 

between the order parameters of the isosymmetric and zone boundary transitions.

The behaviour of anorthite at high pressures and temperatures can be generated by re

writing the free energy expansion in terms of two order parameters, Qi and Q̂ :

(5.19)

This expression is algebraically equivalent to the expansion in expression (5.18). a, 

b and c are again the coefficients of the free energy expansion. For a phase transition 

to take place, at least one or more of the coefficients must be functions of pressure 

and/or temperature. The most simple scenario is that the coefficient of Qi is 

temperature and pressure dependent in order to generate a crossover transition in the
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Il phase, and the coefficient of varies in the normal way to generate a zone 

boundary transition. Three different structures can develop in the system described by 

expression (5.19). If Qo=0, there are two stable values of which correspond to the 

high pressure and high temperature II phases in anorthite. The third phase becomes 

stable at and corresponds to the cell-doubled PI phase. The near horizontal and 

near vertical portions of the P l-Il phase boundary must be the result of different 

thermodynamic properties of the high pressure and high temperature II phases. The 

region of sharpest curvature of the phase boundary occurs at the intersection of the 

P l-I l phase boundary and the crossover between the two II phases.

5.7 Atomistic Mechanism of the P l-Il Phase Transition.

Comparison of the high pressure and high temperature structures of anorthite indicate 

that they are certainly different (Christy and Angel, 1994). The anorthite framework 

consists of chains of four-tetrahedra rings which run parallel to the c-axis of a 

conventional cell. The tetrahedra in the rings are made up of Og and Oq oxygen atoms 

(for site notation see Chapter 2). The chains are linked by the sharing of atoms 

between Tj(o) and T /m ) tetrahedra from successive four-tetrahedra rings. The chains 

are cross linked by the formation of bonds between the Oc atoms and the Ca atoms 

contained in cavities between the two chains (Figure 5.10). The PI structure contains 

two symmetrically distinct chains, one containing only atoms characterised by a final 

"o" in their label, and one chain characterised by a final "i". In the II structure the 

two chains become symmetrically equivalent. Comparison of the three anorthite 

structures (Christy and Angel, 1994) shows there are no significant differences 

between the internal dimensions of the corresponding SiO^ and AIO4  tetrahedra. Any 

change in structure between the structures can therefore be linked to tilting and or 

rotation of tetrahedra about common oxygen atoms.
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Figure 5.10: Projection of the structure of primitive anorthite onto the ac plane.
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Detailed analysis of the Al-O-Si bond angles of the three anorthite structures (Christy 

and Angel, 1994) have shown that the angle variation at the and oxygen 

positions change very little for the different structures. In contrast the Al-Og-Si and 

Al-Op-Si bond angles which form the internal links of the structures show differences 

of up to 25% between the "o" and "i" chains in the PI structure. Comparison of the 

Al-Og-Si and Al-O^-Si bond angles in the PI structure, the high pressure II structure, 

and the high temperature II structure have revealed a number of interesting 

conclusions. The high pressure II structure has chains showing the same pattern of 

distortion as the "i" chains of the PI structure, while the high temperature II structure 

has chains showing the same distortion as the "o'* chains of the room pressure- 

temperature structure. Christy and Angel (1994) concluded that the high temperature 

and high pressure II structures are structurally distinct, and that the PI structure is a 

composite of the two types of chain.

One final area needs to be addressed, and that is the role of the Ca atom in the phase 

transition at high pressure and temperature. Structure determinations of anorthite at 

high pressure have shown that the Mooo Ca site changes from a split site to a single 

site across the phase transition (Angel, 1988). At high temperatures, the double peaks 

for two independent Ca atoms lead Smith (1974) to propose that at high temperature, 

Ca atoms may jump between positions in a double well potential (see section 5.2). 

Subsequent studies (Adlhart et al., 1980; Ghose et al., 1988; Hatch and Ghose, 1989; 

Van Tendeloo et al., 1989; Redfem and Salje, 1992) have discussed the influence 

jumping Ca atoms may have during the high temperature transition. Due to the nature 

of my experiment, full structure determinations of a low symmetry material at high 

P-T were impossible. Thus, in order to try and complete the story of anorthite, we can 

but speculate on the behaviour of the Ca atoms at high pressure and temperature. 

Figure 5.11 is a highly schematic diagram of the possible behaviour of the Ca atoms 

in anorthite under non-ambient conditions.
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Figure 5.11: Schematic diagram of the possible behaviour of the calcium atoms in 
anorthite, at non-ambient conditions.
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The shape and behaviour of the double potential wells are based upon electronic- 

structure calculations to determine the origin of ferroelectric behaviour in BaTiOj 

perovskite (Cohen and Krakauer, 1990; Cohen, 1992). The crossover transition 

between the two II phases involves a switch from the "i" type chain distortion to the 

"o" type chain distortion. The PI structure is composed of the two types. Thus, we 

can postulate that the single site Mzoo Ca atoms are attached to the "i" type chain, 

and the double site Mooo Ca atoms are attached to the "o" type chains. At high 

pressure the "o" type chain portion of the PI structure switches to the "i" type, with 

the subsequent loss of the Ca atom split site. At high temperature the "i" type chains 

of the PI switch to "o" type chains. At the same time the higher thermal energy 

induces the Ca atom to jump between the two sites. At the high pressure to high 

temperature crossover in P-T space there is a switch from the "i" type chain to the "o" 

type chain. This produces the re-emergence of the Ca split site coupled with the high 

frequency jumping of Ca atoms between the two sites. There is no evidence to suggest 

a direct correlation between Ca configurations and framework conformation.

5.8 Conclusions.

In-situ reversals of the P l-Il transition in anorthite have revealed that although the 

phase transitions at high pressure and at high temperatures are related, they involve 

an II phase with different structural states. The curvature of the PI to II phase 

transition line is due to its intersection with an isosymmetric, II to II, phase transition 

or crossover at high temperatures and -1.8 GPa. The presence of a phase transition, 

or a crossover would explain why the cell parameters extrapolated to room 

temperature and pressure from high temperature (Redfem and Salje, 1987) and high 

pressure (Angel, 1992) do not match up. The transition or crossover separates the 

stability fields of two structurally distinct II structures (Christy and Angel, 1994) 

whose thermodynamic properties are also different. More data will be required in
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order to determine the nature of this isosymmetric transition and its trajectory in P-T 

space. These experiments have demonstrated that the coupling of the isosymmetric 

transition to the P l-Il transition is weak, except in the vicinity of the crossover, 

although the significant changes in thermodynamic properties that accompany the 

isosymmetric transition may have an effect on the other reactions and transformations 

in which anorthite is involved.
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6. Transformations in Alkali Feldspars at High

Pressures.

6.1 Introduction.

Alkali feldspars have been the subject of much study at elevated temperatures 

(Williams and Megaw, 1964; Grundy et al.y 1967; Stewart and von Limbach, 1967; 

Grundy and Brown, 1969; Prewitt et aL, 1976; Winter et aL, 1977, 1979; Henderson, 

1979; Kroll et al., 1980; Kroll, 1984), low temperatures (Grove and Hazen, 1974; 

Openshaw et a i, 1979a,b; Smith et a i, 1986), and high pressures (Hazen, 1976; 

Hazen and Prewitt, 1977; Couty and Velde, 1986; Angel et a i, 1988).

Monoclinic albite (monalbite) undergoes a transformation to triclinic high albite at 

~1100,C (for literature survey up to 1973 see Smith, 1974). This transition is caused 

by a collapse of the Al/Si framework about the alkali site as the thermal vibration of 

the Na cations can no longer expand the structure to be monoclinic. Below this 

temperature Al,Si ordering begins, and can proceed without any further symmetry 

change until at low temperatures fully ordered low albite is formed. Kroll et al. (1980) 

noted that the structural collapse and Al,Si ordering are strongly coupled, so that as 

ordering progresses, further structural collapse can take place, and vice versa. The 

structural collapse promotes Al,Si ordering at much higher temperatures than if there 

was no structural collapse possible. The temperature of the displacive transition is also 

dependent upon the Or content of the alkali feldspar. Increasing substitution of K for 

Na lowers the transformation temperature, such that, at approximately Or^g the 

transformation occurs at room temperature (Figure 6.1).
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Figure 6.1: Phase boundary of the diffusive transformation high albite to monalbite
(.........) and the metastable phase boundaries of the displacive transformation analbite
to monalbite ( ______ ) drawn for three equilibration temperatures (800‘C, lOOO'C,
1100"C). The temperature of the displacive transformation are given by the regression 
equation: = 715- 18.9.0 - 0.22l.Oi^ + 0.269.Te^ui„ where Or is the mole % of
K-feldspar (After Kroll et a i, 1980).
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Sanidine is the highly disordered, high temperature form of KAlSijOg. At room 

temperature it has monoclinic CUm symmetry, as the large K atom prevents displacive 

transformation. At temperatures in the region of 450*C, Al,Si ordering takes place. 

This ordering process promotes discrimination of the T cation sites and eventually 

results in a symmetry change to the triclinic Cl microcline structure. The symmetry 

change is driven by Al,Si ordering, which promotes a structure distortion and 

crumpling of the framework around the alkali site.

Thus, by studying the structural response of K-feldspars at high pressure, we can learn 

more about the coupling which takes place between Al,Si order and structural 

distortion of aluminosilicate frameworks. This means we can explore the possibility 

of transitions not accessible in plagioclase because of the ordered Al,Si framework. 

In this study I have measured the compressibility of sanidine and microcline by single 

crystal X-ray diffraction techniques. The unit-cell parameter data collected provides 

new compressibility data for feldspars and a basis for discussion of the structural 

changes which take place in potassium feldspars at high pressure.

6.2 The Behaviour of Sanidine at High Pressures.

6,2,1 Introduction,

Hazen (1976) reported that Eifel high sanidine undergoes a reversible monoclinic to 

triclinic phase transition at high pressures. Two crystals of composition Org^Ab^g and 

Org^Abgg were mounted with a gillespite reference crystal in a miniature diamond anvil 

cell (Merrill and Bassett, 1974). The pressure medium used was index-of-refraction 

oil, and unit cell dimensions were measured up to 3.8 GPa using single crystal X-ray 

photographic techniques. Pressure was calibrated using the volume compressibility of 

alkali feldspars (Adams and Williamson, 1923) and the 2.6 GPa red to blue gillespite
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transformation (Hazen and Bumham, 1974). As the pressure is increased the 

monoclinic unit cell parameters, a, b and c decreased regularly, while p increased. At 

higher pressures a  and y deviate from 90*. Hazen (1976) concluded that the Or^  ̂ and 

Org2  sanidines undergo a C2/m to Cl phase transition at pressures of 1.2 GPa and 1.8 

GPa respectively.

Comparison of the critical unit-cell dimensions of the two sanidines, i.e. the points at 

which the unit cell parameters deviate appreciably from monoclinic symmetry, with 

those of monalbite at 1100*C (Prewitt et j/., 1976) revealed that the cell dimensions 

appear to be nearly constant along the pressure-composition and temperature- 

composition transition curves. This led Hazen (1976) to conclude that the transition 

must be structurally controlled. As the transition from monalbite to high albite 

involves no appreciable change in the size of the tetrahedra (Prewitt et g/., 1976), the 

transition mechanism must be the result of a collapse of the Al/Si framework. The 

structure will retain monoclinic symmetry only when the size of the "M" cation site 

is sufficient to allow contact with all oxygen atoms coordinated in a monoclinic 

configuration. The size of the "M" cation site can be altered by changing the pressure, 

temperature or size of the "M" cation. Thus, the monoclinic to triclinic transition in 

alkali feldspars is controlled by changes in pressure, temperature and the Na/K ratio. 

Using this assumption, Hazen (1976) postulated a surface of constant structure for 

disordered alkali feldspars in P-T-X space (Figure 6.2). The value of dTIdP was 

calculated from the slope of the transition surface in P-T space to be « 700’C per 

GPa.

The value of dTIdP calculated by Hazen (1976) is much larger than that which can 

be calculated using data collected by Kroll et al. (1980). The albite to monalbite 

transition is continuous and thus AV and A5 cannot be measured directly. However, 

by plotting the change in volume against temperature through the CUm to Cl 

transition the position of the phase boundary can be approximated.
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The excess volume for the Cllm  —> Cl phase transition in Ojo can be measured 

directly from the graph at a temperature T<T .̂ According the Salje et al. (1985), AS 

for this transition is given by 6.554 x 10 ̂  x (T-TJ J.mol \K  \  We know that dPfdT 

= and thus the gradient of the phase boundary can be calculated. At 200’C,

AV=3.2Â^ or 4.8 x 10"̂  m^.mol'\ (T^~T)=250'C and A5=1.6 J.mol-l.K-1. The phase 

boundary is given by:

—  = = '*•8 X 10 ’’ m?.mol ‘  ̂ 3 ^ ig-? i = 300JC.CPa'‘
dP AS„ 1.6

(6.1)

This gradient is consistent with the exsolution textures found in feldspars from high- 

pressure metamorphic rocks (Evangelakakis et o/., 1993).

In order to demonstrate the exsolution processes taking place, a thermal gradient of 

150’C per GPa was estimated using appropriate data from Kroll (1984) and Salje et 

al. (1985). Using precession photographs and TEM micrographs a late stage, final 

exsolution event was observed in the alkali feldspars of the amphibolite and granulite 

facies rocks from Sri Lanka. Figure 6.3A,B demonstrates the two possible scenarios. 

If as Hazen (1976) suggested, the phase boundary has a slope of 7(X)"C per GPa, the 

C2/m—»C1 transition would take place before exsolution and the lamellae would have 

grown in a highly ordered state (Figure 6.3A). If the value of dTIdP was lower, say 

in the region of 2(X)’C per GPa, the C2//W—»C1 transition would take place after the 

start of the exsolution event and some of the lamellae will grow in a highly disordered 

state (Figure 6.3B). TEM studies carried out by Evangelakakis et al. (1993) have 

found that most of the lamellae films were found to be albite twinned and imbedded 

in a tweed-orthoclase matrix. The position of the rhombic section depends on the 

lattice parameters of the crystal at the time of twinning. The lattice parameters 

themselves depend on the state of Al/Si order. When the electron micrograph and the
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Figure 6.3: Schematic diagram to illustrate the possible positions of the C2/m-Cl 
phase transition for disordered alkali feldspars in T-X space. A) Transition occurs 
before the onset of exsolution prccesses; B) transition occurs after the onset of 
exsolution processes.
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a c diffraction patterns were combined the angle of the rhombic section was found 

to be a  » -2". This corresponds to the orientation of the rhombic section in analbite 

or high albite, and means that the film lamellae started to grow before crossing the 

C2Jm- C l phase boundary (Figure 6.3B). Thus, the value of dTIdP calculated by 

Hazen (1976) is much too high.

Angel et al. (1988) determined the unit cell parameters of the high sanidine, Or^gAb; 

at eight pressures between room pressure and 5.0 GPa using a modified Merrill- 

Bassett diamond anvil cell (Hazen and Finger, 1982). The pressure medium was 4:1 

methanohethanol, and pressure was determined by standard ruby fluorescence 

technique. In contrast to the work carried out by Hazen (1976), no phase transition 

was detected. Thus, in order to investigate the findings of Hazen (1976) and Angel et 

al. (1988), I have carried out a number of high pressure X-ray diffraction studies on 

sanidine. The unit cell parameters of the high sanidine, OgjAbig, an identical sample 

to that used by Hazen (1976), have also been determined at fifteen pressures between 

room pressure and 5.2 GPa. The variation of the sanidine unit cell parameters with 

pressure are shown in Figiu-es 6.4, 6.5 and 6 .6 . As in the study by Angel et al. (1988), 

no phase transition is detectable. Infrared spectra collected in the 1400-400 cm'* range 

at five pressures between room pressure and 3.7 GPa on a sanidine of composition 

Or̂ o have also failed to prove the presence of a phase transition (Gouty and Velde, 

1986). As pressure is applied to the sample, band position increases and new 

components appear. The two new bands appear at 1170 cm * and 1070 cm'*. Studies 

by liishi et al. (1971) have established that bands in the zone above 1000 cm * are 

caused by tetrahedrally coordinated ion-oxygen stretch vibrations. The new bands 

which appear under pressure are those most affected by the alkali cation. Therefore, 

the tetrahedral tilt which occurs at pressure must lead to a change in the T-O-T bond 

angle, and thus a change in the general environment of the oxygen atom with respect 

to the alkali cation.
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6.22 Experimental Details.

The sanidine specimen used in the study has a composition of OrgjAbjg, and was 

chosen from material collected at the Eifel locality in Germany. The sample was taken 

from the same batch as the crystals used by Hazen (1976). Suitable samples were 

selected by carrying out omega and psi X-ray diffraction scans on single crystals 

mounted on a glass fibre and a conventional goniometer head. Suitable samples were 

free of twinning, and showed strong, sharp, intensity peaks.

The crystal was mounted in a Merrill-Bassett diamond anvil cell of the type described 

by Hazen and Finger (1982) and Chapter 3. Pressure generation and calibration, and 

the single crystal X-ray diffraction experiments are described in Chapter 3. Unit-cell 

parameters were determined at 15 pressures between room pressure and 5.2 GPa. The 

cell parameters were obtained by a constrained fit to the centering data, after it had 

been established that the unit-cell angles a  and y did not deviate appreciably from 90*. 

The constrained data for sanidine is reported in Table 6.1. The room pressure unit-cell 

parameters are in good agreement with those reported for a sanidine sample from the 

same locality (Phillips and Ribbe, 1973), and indicate that it is disordered (ti=0.3 and 

t2 =0 . 2  from equations in Kroll and Ribbe, 1983).

6.23 Discussion.

There are several possible explanations for this discrepancy. In Hazen’s 1976 

experiment the pressure was calibrated from the known volume compressibility of the 

alkali feldspar, microcline (composition Or^iAbg) (Adams and Williamson, 1923). This 

early determination of the bulk modulus of microcline was carried out using a piston- 

cylinder technique (see Chapter 4). Re-analysis of the volume-pressure data from 

Adams and Williamson (1923) revealed that if K’ was fixed at 4, the bulk modulus
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to
o

a :  (A) b :  (A) c :  (A) P . . V :  ( A M P r e s s u r e

( G P a )

8 . 5 3 8 ( 1 ) 1 3 . 0 1 4 ( 1 ) 7 . 1 8 2  ( 2 ) 1 1 5 . 9 9 ( 2 ) 7 1 7 . 3 ( 3 ) 0 . 0 0 0 1

8 . 5 0 5 ( 1 ) 1 3 . 0 0 3 ( 1 ) 7 . 1 6 9 ( 1 ) 1 1 6 . 0 3 ( 1 ) 7 1 2 . 3 ( 1 ) 0 . 2 4

8 . 4 9 1 ( 1 ) 1 3 . 0 0 2 ( 1 ) 7 . 1 6 8 ( 2 ) 1 1 6 . 0 8 ( 1 ) 7 1 0 . 8 ( 3 ) 0 . 5 0

8 . 4 5 5 ( 1 ) 1 2 . 9 8 6 ( 1 ) 7 . 1 5 3 ( 1 ) 1 1 6 . 1 2 ( 1 ) 7 0 5 . 1 ( 1 ) 1 . 0 1

8 . 4 1 2 ( 1 ) 1 2 . 9 7 0 ( 1 ) 7 . 1 3 6 ( 1 ) 1 1 6 . 1 8 ( 1 ) 6 9 8 . 6 ( 1 ) 1 . 5 5

8 . 3 6 6 ( 1 ) 1 2 . 9 5 7 ( 1 ) 7 . 1 2 1 ( 2 ) 1 1 6 . 2 2 ( 1 ) 6 9 2 . 5 ( 3 ) 2  . 0 4

8 . 3 5 0 ( 1 ) 1 2 . 9 5 1 ( 1 ) 7 . 1 1 5 ( 1 ) 1 1 6 . 2 4 ( 1 ) 6 9 0 . 1 ( 2 ) 2 . 3 8

8 . 3 2 4 ( 1 ) 1 2 . 9 4 0 ( 1 ) 7 . 1 0 5 ( 2 ) 1 1 6 . 2 7 ( 1 ) 6 8 6 . 2 ( 2 ) 2 . 7 0

8 . 3 0 8 ( 1 ) 1 2 . 9 3 5 ( 1 ) 7 . 0 9 7 ( 1 ) 1 1 6 . 2 8 ( 1 ) 6 8 3 . 9 ( 1 ) 2  . 8 5

8 . 2 8 2  ( 1 ) 1 2 . 9 3 2 ( 1 ) 7 . 0 8 9 ( 1 ) 1 1 6 . 2 9 ( 1 ) 6 8 0 . 7 ( 1 ) 3 . 2 2

8 . 2 5 9 ( 1 ) 1 2 . 9 2 2 ( 1 ) 7 . 0 7 8 ( 1 ) 1 1 6 . 3 0 ( 1 ) 6 7 7 . 1 ( 1 ) 3  . 4 8

8 . 2 3 0 ( 1 ) 1 2 . 9 1 4 ( 1 ) 7 . 0 6 6 ( 1 ) 1 1 6 . 3 4 ( 1 ) 6 7 3 . 1 ( 2 ) 3 . 8 4

8 . 1 9 5 ( 1 ) 1 2 . 9 0 5 ( 1 ) 7 . 0 5 1 ( 2 ) 1 1 6 . 3 6 ( 2 ) 6 6 8 . 2 ( 3 ) 4 . 3 6

8 . 1 5 5 ( 1 ) 1 2 . 8 9 5 ( 1 ) 7 . 0 3 4 ( 1 ) 1 1 6 . 3 9 ( 1 ) 6 6 2 . 7 ( 2 ) 4 . 9 2

8 . 1 2 5 ( 2 ) 1 2 . 8 9 0 ( 2 ) 7 . 0 2 1 ( 4 ) 1 1 6 . 3 7 ( 3 ) 6 5 8 . 9 ( 6 ) 5 . 2 3

Table 6.1: Unit-cell parameters of Eifel sanidine at pressure. Note: numbers in 
parentheses are the estimated standard deviations to the last decimal place quoted.



of microcline was calculated to be 69.7±2.8 GPa (Chapter 4). A Mumaghan equation 

of state (Mumaghan 1967) was also fitted to the volume-pressure data from the 

OgjAbig sanidine. In order to provide a consistent basis for comparison between the 

results from various structures, K’ was again fixed at 4. The bulk modulus of OrgjAbjg 

sanidine was found to be 52.3±0.9 GPa. This means that the calibration used by Hazen 

(1976) under-estimates the experimental pressures by approximately 25%. As a 

consequence the pressure of transformation would also be under-estimated. However, 

the under estimation of experimental pressure alone is not sufficient to account for the 

discrepancy. Another factor which may affect the behaviour of sanidine at high 

pressures is the use of a non-hydrostatic pressure medium (refractive index oil). 

According to Angel et al. (1988) this pressure can support deviatoric stress which may 

contribute to a reduction in the transition pressure of sanidine. A number of high 

pressure experiments to determine the effect of using a non-hydrostatic pressure 

medium have been carried out on sanidine. A twin free crystal sample of OrgjAbjg was 

selected and placed in modified Merrill-Bassett diamond anvil cell (Hazen and Finger, 

1982). The diamond cell was mounted on an automated Picker four circle 

diffractometer, and pressure calibration was carried out using the known volume 

compressibility of a crystal of calcium fluoride, Cap2  (Angel 1993). The sanidine 

crystal was first compressed hydrostatically to 5.0 GPa using a pressure medium of 

4:1 methanollethanol (Piermarini et al. 1973). The experiment was then repeated, 

using the same crystal and the same method, but this time using a non-hydrostatic 

pressure medium of glycerine. Analysis of the diffraction peaks revealed that the 

sample compressed in the hydrostatic pressure medium showed no sign of peak 

broadening or splitting, and no deviation from monoclinic symmetry. In contrast, the 

same sample compressed in a non-hydrostatic pressure medium showed severe peak 

broadening at pressures above 2.0 GPa. Figure 6.7 shows the sanidine peak profiles 

at 2.0 GPa from the high pressure experiments using hydrostatic and non-hydrostatic 

pressure medium. The experiments carried out by Hazen (1976) involved the use of 

X-ray photographic techniques.
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However, detailed peak profiles are difficult to determine using this method. It is 

possible therefore, that the phenomena reported by Hazen (1976) may not be peak 

splitting due to a phase transition, but the result of peak broadening caused by the use 

of a non-hydrostatic pressure medium. Single crystal X-ray diffraction experiments on 

the Eifel sanidine (OgjAbig) have failed to detect a phase transition at high pressures 

(Figures 6.4, 6.5 and 6 .6 ). As pressure is increased the three unit-cell axes decrease, 

while the unit-cell angle, p, increases. There are no discontinuities in the unit-cell 

parameters. This implies that the C2/m to Cl phase boundary must lie above the 

maximum pressure (5.2 GPa) attained during the experiment. The temperatures of the 

diffusive transformation high albite to monalbite and the displacive transformation 

analbite to monalbite were determined by X-ray powder methods (Kroll et al. y 1980). 

Extrapolation of the CUm to Cl phase boundary has indicated that at room 

temperature, the transition takes place at a composition of approximately Or̂ g (Figure 

6.1). Figure 6 .8 A shows the Cl to CUm phase boundary of the diffusive albite to 

monalbite transition and the displacive analbite to monalbite transformation in T-X 

space. If a similar diagram is plotted in P-X space and it is assumed that the OgjAbig 

sanidine undergoes the CUm to Cl phase transition at a pressure just above the 

maximum pressure attained in the compressibility study, a possible high pressure 

phase boundary can be plotted for the CUm to Cl phase transition (Figure 6 .8 B). If 

it is also assumed that dTtdX is independent of pressure, AT for the supposed phase 

transition in OrggAb̂ g sanidine can be back-calculated using the original data from 

Kroll et at. (1980). Figure 6 .8 B shows that the phase boundary intercepts the pressure- 

axis at 7.3 GPa.
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Thus the value of dTIdP is given by:

dT A T  ^  1257"C
dP AP  7.3 GPa

(6.2)

Therefore:

—  < m*C,GPa 
dP

(6.3)

The actual phase boundary for the Cllm  to Cl transition must be steeper than that 

shown in Figure 6 .8 B, and thus the value of ÔT/ÔF for the sanidine feldspars must be 

less than 170*C per GPa. This value for hTlhP is consistent with the results of 

Evangelakakis et al. (1993).

6.3 The Behaviour of Microcline at High Pressures.

6.3.1 Introduction.

Megaw (1974) predicted that feldspars would exhibit "inverse behaviour"; i.e. the 

structural behaviour at high pressures would be opposite to that at high temperature. 

Early high pressure studies of alkali feldspars (Hazen and Prewitt, 1977) supported 

this view. More recent high pressure studies on both alkali and plagioclase feldspars 

(Angel et al., 1988, 1989) however, suggested that the detailed changes in 

compression can be more complex. However reviewing the structural changes at non
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ambient temperatures, especially low temperatures, is always useful before carrying 

out high pressure experiments on a crystal sample.

Openshaw et al. (1979a,b) distinguished two forms of microcline. One form was 

obtained on cooling below 250 K, the other form was more stable above 300 K. The 

microcline was prepared from Amelia albite by ion exchange in fused KCl and then 

heating at -1100 K for sixteen hours. Cooling experiments were carried out by 

exposing the ground sample to a stream of nitrogen gas, and then passing through a 

coil immersed in a liquid nitrogen bath. The sample was then immediately warmed to 

room temperature and the X-ray experiments carried out. Comparison of the unit-cell 

parameters at room temperature before and after cooling revealed that the 6, p cell 

parameters, and the unit-cell volume are significantly larger after being subjected to 

low temperatures. After one hour the unit-cell parameters reverted to the values for 

the sample before cooling. Heat capacity measurements (Openshaw et a/., 1979a) 

indicated that a upper limit of hysteresis could not be determined, and appears to 

extend to at least 373 K. The lower limit was strongly bracketed at 250 K. On the 

basis of the hysteresis behaviour described above, the equilibrium transition between 

the two forms of microcline is assigned a temperature of 300±10 K. The unit cell 

parameters of maximum microcline were determined at room temperature (296 K) and 

at 75 K by Grove and Hazen (1974). As the temperature decreases, the feldspar appear 

to undergo very small changes in interaxial angles, although no discontinuity in the 

unit cell parameters is apparent. There are two possible reasons for this discrepancy. 

Firstly, the microcline used in the Openshaw et al. (1979a,b) was prepared by the ion 

exchange of K for Na in amelia albite. The final composition of the microcline crystal 

was Abo.3 7 0 r9 9  3 6 Ano 2 7  The crystal sample used by Grove and Hazen (1974) was Hugo 

microcline with composition Orgg .̂ Secondly, the hysteresis loop of the microcline 

transition extends to at least 373 K, this could mean that the unit-cell parameters 

determined by Grove and Hazen (1974) at room temperature and 75 K, were both the 

low temperature form.
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6.3 J  Experimental Details.

The amazonite microcline used in this study is from the Pikes Peak Batholith, 

Colorado, U.S.A. Electron probe microanalysis has indicated that the sample has a 

composition of Or,? (Table 6.2). Unit-cell parameters indicate that the crystals were 

found to be almost completely ordered (t^o = 0.96, t,m = 0.04 from equations in Kroll 

and Ribbe, 1983). The crystals are green/blue in colour due to the small amount of 

lead contained in the structure (<1%  weight). The crystals show large scale lamellar 

twinning in thin section, although the cross-hatched twinning usually associated with 

K-rich feldspars appears to be absent. The second microcline was taken from 

Norwegian material and electron probe microanalysis has revealed a composition of 

( > 8 5  (Table 6.2). Unit-cell parameters indicate that the degree of ordering is similar 

to that of amazonite (t,o = 0.94, t,m = 0.06) (Kroll and Ribbe, 1983). The crystal has 

a very pale green colour. The Norwegian microcline crystal used in the experiment 

was taken from a sample which contained approximately 30% albite intermixed with 

the microcline crystals on a scale of -200 pm.

Average Formula 
Unit

Amazonite
Microcline

Norwegian
Microcline

Silicon 3.005 3.017
Aluminium 0.985 0.979
Potassium 0.872 0.845
Sodium 0.110 0.103

Table 6.2: Electron microprobe analysis results for the amazonite and Norwegian 
microcline.
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Crystal samples were selected by carrying out omega and psi scans of single crystals 

mounted on a glass fibre and conventional goniometer head. Suitable samples were 

twin-free and showed strong, sharp intensity peaks. The diffraction peaks of the 

amazonite microcline were noticeably sharper than those of the sanidine or Norwegian 

microcline. This may be due to the high state of Al/Si disorder in sanidine, and 

simultaneous crystallisation of albite with microcline in the Norwegian sample giving 

rise to strains on a unit-cell level.

The unit cell parameters of the crystals were determined at 13 (Norwegian microcline) 

and 17 (amazonite) pressures from room pressure to 5.2 GPa. The unit-cell parameter 

variation with pressure for amazonite and Norwegian microcline are reported in Tables 

6.3 and 6.4.
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w
VO

a:  (A) b:  (A) c  : (A) a P y V :  (A )) P r e s s u r e

( G P a )

8 . 5 5 6 ( 2 ) 1 2 . 9 3 5 ( 3 ) 7 . 2 0 8 ( 2 ) 9 0 . 6 8 ( 3 ) 1 1 5 . 9 2 ( 2 ) 8 7 . 6 8 ( 3 ) 7 1 6 . 8 ( 3 ) 0 . 0 0 0 1

8 . 5 0 5 ( 2 ) 1 2 . 9 3 6 ( 2 ) 7 . 1 9 5 ( 1 ) 9 0 . 6 2 ( 2 ) 1 1 6 . 0 3  ( 1 ) 8 7 . 6 4 ( 3 ) 7 1 0 . 6 ( 2 ) 0 . 7 8

8 . 4 8 6 ( 1 ) 1 2 . 9 3 2 ( 3 ) 7 . 1 8 7  ( 1 ) 9 0 . 6 0 ( 1 ) 1 1 6 . 1 0 ( 1 ) 8 7 . 6 3 ( 1 ) 7 0 7 . 9 ( 2 ) 1 . 1 0

8 . 4 6 7 ( 1 ) 1 2 . 9 2 5 ( 3 ) 7 . 1 8 1 ( 1 ) 9 0 . 5 8 ( 2 ) 1 1 6 . 0 9 ( 1 ) 8 7 . 6 2 ( 1 ) 7 0 5 . 2 ( 2 ) 1 . 3 4

8 . 4 4 3 ( 1 ) 1 2 . 9 1 9 ( 2 ) 7 . 1 7 1 ( 1 ) 9 0 . 5 4 ( 1 ) 1 1 6 . 1 0 ( 1 ) 8 7 . 6 2 ( 1 ) 7 0 1 . 7 ( 1 ) 1 . 6 5

8 . 4 0 6 ( 2 ) 1 2 . 9 1 1 ( 3 ) 7 . 1 5 6 ( 1 ) 9 0 . 5 2  ( 2 ) 1 1 6 . 1 6 ( 1 ) 8 7 . 6 5 ( 2 ) 6 9 6 . 5 ( 2 ) 2 . 1 3

8 . 3 8 7 ( 1 ) 1 2 . 9 0 2 ( 2 ) 7 . 1 4 7 ( 1 ) 9 0 . 5 1 ( 1 ) 1 1 6 . 1 5 ( 1 ) 8 7 . 6 1 ( 1 ) 6 9 3 . 6 ( 2 ) 2 . 3 6

8 . 3 6 1 ( 1 ) 1 2 . 8 9 7 ( 2 ) 7 . 1 3 8 ( 1 ) 9 0 . 4 6 ( 1 ) 1 1 6 . 1 6 ( 1 ) 8 7 . 6 1 ( 1 ) 6 9 0 . 2 ( 2 ) 2  . 7 4

8 . 3 2 8 ( 1 ) 1 2 . 8 9 0 ( 3 ) 7 . 1 2 4 ( 1 ) 9 0 . 4 3 ( 2 ) 1 1 6 . 1 7 ( 1 ) 8 7 . 5 8 ( 2 ) 6 8 5 . 7 ( 2 ) 3 . 2 8

8 . 3 1 4 ( 1 ) 1 2 . 8 8 8 ( 3 ) 7 . 1 1 8 ( 1 ) 9 0 . 4 5 ( 3 ) 1 1 6 . 1 9 ( 1 ) 8 7 . 5 9 ( 3 ) 6 8 3 . 8 ( 2 ) 3  . 3 4

8 . 2 8 5 ( 2 ) 1 2 . 8 8 0 ( 3 ) 7 . 1 0 5 ( 2 ) 9 0 . 4 1  ( 3 ) 1 1 6 . 1 8 ( 1 ) 8 7 . 5 6 ( 3 ) 6 7 9 . 7 ( 2 ) 3  . 7 7

8 . 2 6 8 ( 2 ) 1 2 . 8 7 7 ( 3 ) 7 . 0 9 7 ( 2 ) 9 0 . 4 3 ( 3 ) 1 1 6 . 2 0 ( 2 ) 8 7 . 4 9 ( 3 ) 6 7 7 . 3 ( 3 ) 3 . 9 7

8 . 2 5 7 ( 1 ) 1 2 . 8 7 4 ( 2 ) 7 . 0 9 3 ( 1 ) 9 0 . 4 5 ( 1 ) 1 1 6 . 2 3 ( 1 ) 8 7 . 5 5 ( 1 ) 6 7 5 . 6 ( 2 ) 4 . 1 4

8 . 2 5 6 ( 1 ) 1 2 . 8 7 5 ( 3 ) 7 . 0 9 3 ( 1 ) 9 0 . 4 7 ( 2 ) 1 1 6 . 2 3 ( 1 ) 8 7 . 5 5 ( 2 ) 6 7 5 . 6 ( 2 ) 4 . 1 8

8 . 2 3 2 ( 1 ) 1 2 . 8 7 0 ( 3 ) 7 . 0 8 4 ( 1 ) 9 0 . 4 8 ( 2 ) 1 1 6 . 2 5 ( 1 ) 8 7 . 5 4 ( 2 ) 6 7 2 . 5 ( 2 ) 4 . 4 8

8 . 2 2 1 ( 1 ) 1 2 . 8 6 6 ( 3 ) 7 . 0 7 8 ( 1 ) 9 0 . 4 7  ( 3 ) 1 1 6 . 2 6 ( 1 ) 8 7 . 5 6 ( 3 ) 6 7 0 . 8 ( 2 ) 4 . 6 6

8 . 1 9 9 ( 1 ) 1 2 . 8 6 7 ( 3 ) 7 . 0 6 9 ( 1 ) 9 0 . 5 0 ( 2 ) 1 1 6 . 2 8 ( 1 ) 8 7 . 5 2 ( 2 ) 6 6 8 . 0 ( 2 ) 4 . 9 0

Table 6.3: Unit-cell parameters of amazonite microcline at pressure. Note: numbers 
in parentheses are the estimated standard deviations to the last decimal place quoted.



to
o

a:  (A) b:  (A) C :  (A) a P y V :  (A 3) P r e s s u r e

( G P a )

8 . 5 8 0 ( 3 ) 1 2 . 9 5 9 ( 2 ) 7 . 2 2 1 ( 2 ) 9 0 . 6 7 ( 4 ) 1 1 5 . 9 6 ( 3 ) 8 7 . 6 1 ( 5 ) 7 2 1 . 1 ( 3 ) 0 . 0 0 0 1

8 . 5 3 4 ( 1 ) 1 2 . 9 4 1 ( 2 ) 7 . 2 0 2 ( 1 ) 9 0 . 5 8 ( 1 ) 1 1 6 . 0 7 ( 1 ) 8 7 . 6 2 ( 1 ) 7 1 3 . 8 ( 2 ) 0 . 6 3

8 . 4 9 1 ( 1 ) 1 2 . 9 2 7 ( 3 ) 7 . 1 8 8 ( 1 ) 9 0 . 6 0 ( 2 ) 1 1 6 . 1 2 ( 1 ) 8 7 . 5 8 ( 2 ) 7 0 7 . 8 ( 2 ) 1 . 1 5

8 . 4 4 1 ( 5 ) 1 2 . 9 1 3 ( 3 ) 7 . 1 6 9 ( 3 ) 9 0 . 5 4 ( 5 ) 1 1 6 . 1 5 ( 3 ) 8 7 . 6 4 ( 7 ) 7 0 1 . 0 ( 5 ) 1 . 6 8

8 . 4 1 3 ( 1 ) 1 2 . 9 0 6 ( 3 ) 7 . 1 5 4 ( 1 ) 9 0 . 5 2 ( 3 ) 1 1 6 . 2 2 ( 1 ) 8 7 . 6 1 ( 3 ) 6 9 6 . 2 ( 2 ) 2 . 2 0

8 . 3 7 4 ( 1 ) 1 2 . 8 9 6 ( 3 ) 7 . 1 3 8 ( 1 ) 9 0 . 4 6 ( 2 ) 1 1 6 . 2 4 ( 1 ) 8 7 . 6 3 ( 2 ) 6 9 0 . 8 ( 2 ) 2 . 7 5

8 . 3 4 1 ( 1 ) 1 2 . 8 8 6 ( 2 ) 7 . 1 2 6 ( 2 ) 9 0 . 4 5 ( 3 ) 1 1 6 . 2 5 ( 1 ) 8 7 . 6 3 ( 2 ) 6 8 6 . 3 ( 2 ) 3 . 1 5

8 . 3 1 5 ( 1 ) 1 2 . 8 7 6 ( 5 ) 7 . 1 1 5 ( 1 ) 9 0 . 4 3 ( 2 ) 1 1 6 . 2 8 ( 1 ) 8 7 . 5 6 ( 2 ) 6 8 2 . 3 ( 3 ) 3 . 6 1

8 . 2 8 5 ( 2 ) 1 2 . 8 7 7 ( 3 ) 7 . 1 0 2 ( 1 ) 9 0 . 3 8 ( 2 ) 1 1 6 . 2 9 ( 1 ) 8 7 . 5 9 ( 3 ) 6 7 8 . 6 ( 2 ) 4 . 1 1

8 . 2 5 3 ( 2 ) 1 2 . 8 7 3 ( 3 ) 7 . 0 8 9 ( 1 ) 9 0 . 4 5 ( 2 ) 1 1 6 . 3 4 ( 1 ) 8 7 . 3 3 ( 3 ) 6 7 4 . 3 ( 2 ) 4 . 3 9

8 . 2 3 7 ( 1 ) 1 2 . 8 6 8 ( 3 ) 7 . 0 8 0 ( 1 ) 9 0 : 4 9 ( 3 ) 1 1 6 . 3 5 ( 1 ) 8 7 . 5 2 ( 3 ) 6 7 1 . 8 ( 2 ) 4 . 6 2

8 . 2 2 5 ( 2 ) 1 2 . 8 7 0 ( 5 ) 7 . 0 7 6 ( 2 ) 9 0 . 4 5 ( 4 ) 1 1 6 . 3 8 ( 2 ) 8 7 . 4 9 ( 5 ) 6 7 0 . 3 ( 3 ) 4 . 7 2

8 . 2 0 7 ( 1 ) 1 2 . 8 6 7 ( 4 ) 7 . 0 6 9 ( 1 ) 9 0 . 4 4 ( 2 ) 1 1 6 . 3 7 ( 1 ) 8 7 . 5 4 ( 3 ) 6 6 8 . 2 ( 2 ) 4 . 9 4

Table 6.4: Unit-cell parameters of Norwegian microcline at pressure. Note: numbers 
in parentheses are the estimated standard deviations to the last decimal place quoted.



6.3.3 Discussion.

High pressure. X-ray diffraction experiments on Or,? amazonite have revealed that 

well ordered K-rich feldspars exhibit a change in compressional behaviour at ~3.7 

GPa. Analysis of the variation of unit-cell parameters with pressure of the amazonite 

(Figures 6.9, 6.10) reveal that upon compression, the unit-cell edges, a, b and c, and 

the y  unit-cell angle decrease linearly with increasing pressure. In contrast, the a  and 

p angles display significant curvature at -3.7 GPa. Above the transition, the rate of 

change in the unit-cell edge lengths is unchanged. The rate of change of the a  and p 

angles shows a significant deviation after the transition. (The volume change 

accompanying the change in the unit-cell angles cannot be measured (Figure 6.11)). 

Comparison of the measured unit-cell volume above 3.7 GPa with those estimated by 

extrapolation of the volume-pressure curve from P < 3.7 GPa, reveals that there is a 

difference of -0.2% between estimated and recorded volume data. Analysis of changes 

in the estimated and recorded data has shown that V„ evolves linearly with pressure. 

Various searches have revealed that there are no superlattice reflections either side of 

the transition. This indicates that there is no change in symmetry across the transition. 

In order to confirm that the change in compressional behaviour was real a number of 

experiments were carried out. The high pressure experiments carried out on amazonite 

were repeated using a crystal from the same batch. The results of this study are 

reported in Table 6.5. Analysis of the results reveals that the unit-cell parameters 

follow the trends reported in Table 6.3 and Figures 6.9, 6.10 and 6.11 exactly. An 

original high pressure study was also carried out on a sample of Orĝ  Norwegian 

microcline. The variation of unit-cell parameters with pressure are shown in Figures 

6.11, 6.12, and 6.13. The changes in the unit-cell parameters with pressure are similar 

to those reported for the amazonite microcline. The unit-cell edges and the y  angle 

show a linear decrease with pressure, while the angles a  and p again show significant 

deviation from the original compression trend at 4.2 GPa.
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Figure 6.9: Variation of amazonite microcline unit-cell edges with pressure.
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Figure 6.10: Variation of amazonite microcline unit-cell angles with pressure.
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a:  (A) b:  (A) c :  (A) a P Y . . V :  (A ’ ) P r e s s u r e

( G P a )

8 . 3 7 4 ( 1 ) 1 2 . 9 6 1 ( 2 ) 7 . 2 2 1 ( 1 ) 9 0 . 6 7 ( 2 ) 1 1 5 . 9 3 ( 1 ) 8 7 . 6 3 ( 2 ) 7 2 1 . 0 ( 2 ) 0 . 0 0 0 1

8 . 3 5 4 ( 2 ) 1 2 . 8 9 6 ( 2 ) 7 . 1 3 6 ( 1 ) 9 0 . 4 5 ( 2 ) 1 1 6 . 1 8 ( 2 ) 8 7 . 5 9 ( 3 ) 6 8 9 . 3 ( 2 ) 2 . 7 3

8 . 3 2 1 ( 2 ) 1 2 . 8 8 6 ( 3 ) 7 . 1 2 1 ( 1 ) 9 0 . 4 6 ( 2 ) 1 1 6 . 2 1 ( 1 ) 8 7 . 5 8 ( 3 ) 6 8 4 . 4 ( 2 ) 3 . 2 3

8 . 2 4 4 ( 1 ) 1 2 . 8 7 1 ( 3 ) 7 . 0 8 8 ( 1 ) 9 0 . 4 6 ( 2 ) 1 1 6 . 2 5 ( 1 ) 8 7 . 5 4 ( 2 ) 6 7 3 . 9 ( 3 ) 4 . 3 2

8 . 2 2 3 ( 2 ) 1 2 . 8 6 7 ( 3 ) 7 . 0 8 0 ( 2 ) 9 0 . 4 6 ( 2 ) 1 1 6 . 2 7 ( 1 ) 8 7 . 5 2 ( 2 ) 6 7 1 . 0 ( 3 ) 4 . 5 3

Table 6.5: Re-analysis of the unit-cell parameters of a second amazonite microcline 
crystal at pressure. Note: numbers in parentheses are the estimated standard deviations 
to the last decimal place quoted.
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Figure 6.12: Variation of Norwegian microcline unit-cell edges with pressure.

226



90.7

90.6

90.5

90.4

116.4

116.3

116.2

116.1

116.0

87.65

87.60

87.55

87.50

0.0 1.0 2.0 3.0

PRESSURE: GPa

4.0 5.0

Figure 6.13: Variation of Norwegian microcline unit-cell angles with pressure.
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As in the amazonite microcline, the change in volume, if present, is so small it is 

unmeasurable (Figure 6.11). Again no change in symmetry was detectable. The 

Norwegian microcline undergoes the change in compressional behaviour at a pressure, 

0.5 GPa higher than amazonite microcline. There are a number of possible 

explanations for this, these include: The increase in Na content, the small difference 

in Qod* the increase in lattice strain.

There is no obvious explanation for the inversion in the trends of the unit cell 

parameters, a  and p, of microcline with pressure. Possible interpretations include a 

change in the compression mechanism, or the existence of a phase transition at high 

pressure. If microcline is undergoing a phase transition, it is doing so without a 

change in the space group. There are a number of experimentally observed examples 

of structural phase transitions in which there is no change in space group, or the 

Wyckoff sites on which atoms are situated. Potassium nitrate (KNO3 ) undergoes an

11.5% volume change at 0.36 GPa. This transition from KNO3  II to KNO3  IV is 

caused by an increase in the coordination of K from 9 to 11 (Worlton et a l.y  1986; 

Adams et a/., 1988). A high pressure structural study of potassium titanyl phosphate 

(KTiOPO^) (KTP) also revealed structural changes up to 4.7 GPa whose characteristics 

were consistent with those of a first order phase transition at 5.5 GPa (Allan et a/., 

1992; Allan and Nelmes, 1992). The principal changes in the KTiOPO^ structure under 

pressure took place in the compressible K cages. The PO4  and TiOg units remain rigid 

in size and shape, and compression of the K cages appear to be accommodated by 

framework buckling, and associated movement of the K atom. Analysis of the P-O-Ti 

and O-Ti-O bond angles demonstrated that framework collapse is caused by the tilting 

of the TiOfi octahedra relative to the PO4  tetrahedra (Allan., 1992). This distortion of 

the framework eventually leads to framework collapse and a volume decrease of 4.2%. 

The observed structural changes are similar in kind to those of the P l-Il phase 

transition in feldspar. Another example of this type of structural phase transition is 

seen in MgSi0 3  orthopyroxene, where a break of slope of the volume compressibility

228



correlates to a change in the structural compression mechanism (Hugh-Jones and 

Angel, 1994). This sudden change in behaviour at high pressures is believed to be a 

result of tetrahedra becoming compressible above 4 GPa. Christy (1994) has devised 

a phenomenological model which shows that these types of isosymmetrical transitions 

are pseudo first order. When plotted against intensive state variables the equilibrium 

line can be extrapolated from a critical point and take the form of a crossover zone 

where physical properties of the phase change rapidly. There is no discontinuity in 

free energy, or a derivative of free energy with respect to intensive variables across 

the crossover zone. However, the crossover can be located at the minimum in the 

second order derivative of the free energy with respect to the order parameter.

Although the change in trends of the a  and p unit-cell parameters of microcline at 

high pressures appear similar to those recorded in MgSiO, (Hugh-Jones and Angel, 

1994), it is unlikely that the behaviour in microcline is linked to the sudden 

compression of silicon tetrahedra, as in MgSiO,. There are a number of reasons for 

this. Firstly, full structure determinations on anorthite up to 3.1 GPa (Angel, 1988) 

have revealed that the T-O bond lengths change very little with increasing pressure. 

Secondly, if it was possible to compress the silicon tetrahedra at pressures below 5 

GPa we would have expected similar trends to have been recorded in other alkali 

feldspars (Angel et al., 1988; This Study).

A number of high pressure infrared studies have been carried out on the Org7  

amazonite microcline (Ross, 1994). The general effect of pressure, is a small shift in 

all the bands observed, to higher wave numbers (Figure 6.14). As pressure is increased 

a new component appears in the 600 cm'* to 640 cm * region of the spectra (Figure

6.15), and a doublet forms in the 790 cm'* to 820 cm * region of the spectra (Figure

6.16). liishi et al. (1971) established that bands at -1000 cm * were affected by 

substitution of A1 by Ga, and Si by Ge. The same type of substitution affected changes 

in the -750 cm * and 600 cm * regions of the spectra.
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Figure 6.14: Infrared absorption spectra of amazonite microcline at high pressures.
The coloured lines represent spectra collected at pressures of: black, 1.8 GPa; red, 3.9
GPa; blue, 5.6 GPa.
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The bands in the 750 cm'  ̂ region were assigned to the T-O-T bending vibrations, and 

to O-T-O bending vibrations in the 600 cm'  ̂ band region (liishi et al., 1971; von 

Stengel, 1977). Thus, in order for a new component to appear in the 650 cm'^ region 

of the spectra, and doublet to form in the 750cm^ region, the general environment of 

the T-O-T and O-T-O bonds must change at high pressures. T-O-T bond angles play 

a major role on feldspar structure compressibility (Angel, 1988), and so a new band 

connected with this bond angle is not unexpected. What is surprising however, is the 

appearance of a new component in the region of the infrared spectra associated with 

O-T-O bond angle vibrations. This new component could mean that the change in 

compressional trends at high pressure are caused by the coupling of changes in the T-

O-T bond angles with changes in O-T-O bond angles, and the subsequent distortion 

of the Al,Si bearing tetrahedra. Ribbe et al. (1972) attempted to quantify the distortion 

of tetrahedra by the parameter a  where:

0=22 [(O-r-O) -  109.5 f /5  
6

(6.4)

The distortion was found to be greatest for the ordered feldspars. The distortion in 

microcline tetrahedra (o) was found to be 3.48' (T/o)), 2.18’ (T^(m)), 3.15' (T;(o)) 

and 3.66' (T2 (m)) (average 0 = 3 . 1 2 ) (calculated from data in Brown and Bailey, 1964). 

The distortion in high sanidine tetrahedra was found to be 3.01' (TJ and 2.60' (T%) 

(average 0=2.81) (calculated from data in Ribbe, 1963). This trend is repeated in high 

and low albite. The distortion in the low albite tetrahedra was found to be 4.28 (T^(o)),

1.92 (T,(m)), 2.97 (T2 (o)) and 3.11 (T2 (m)) (average 0=3.07) (calculated from data in 

Smith, 1974). The distortion in high albite tetrahedra was found to be 4.27 (T^(o)), 

2.72 (T,(m)), 2.60 (T2 (o)) and 1.58 (T2 (m)) (average 0=2.79) (calculated from data in 

Smith, 1974). This confirms that although structural changes in feldspars are driven 

by changes in T-O-T bond angles, there are also a number of subtle changes in the O-
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T-O bond angles associated with framework crumpling. Thus, as microcline is 

compressed from room pressure to -3.6 GPa the major structural changes are 

accommodated by flexing in the T-O-T bond angles, a scenario similar to that found 

in anorthite at high pressures (Angel, 1988).

At -3.7 GPa (Orgy) and -4.2 GPa (Or̂ g) there is a sudden change in the compressional 

behaviour. This may be linked to the onset of Al/Si tetrahedra distortion. Structural 

changes in microcline are now accommodated by changes in T-O-T and O-T-O bond 

angles. This change in the structural response at high pressure is similar to framework 

crumpling caused by Al/Si ordering. Thus, it is possible that the sudden change in 

compressional behaviour is caused by the second stage of framework distortion, the 

first stage of which is caused by Al,Si ordering.

6.4 Conclusions.

This study has provided compressibility data for low sanidine and microcline up to 

-5.0 GPa. The Eifel sanidine appears to exhibit straightforward compressional 

behaviour, with no evidence of a phase transition at -1.8 GPa. Analysis of sanidine 

X-ray diffraction peak profiles in hydrostatic and non-hydrostatic pressure medium, 

and re-examination of the volume/pressure data used to calibrate pressure has also 

been carried out. Severe diffraction peak broadening in a non-hydrostatic medium at 

pressures greater than 2.0 GPa, and the under-estimation of pressures have been 

proposed as two possible causes of the discrepancy. Using the high pressure unit-cell 

data for sanidine, the value of bT/bP for the C2/m-Cl phase boundary has been 

calculated to be less than 170*C per GPa.

High pressure, unit-cell parameter data for microcline has revealed a sudden change 

in the compressional behaviour of the structure at high pressure. Increasing the Na
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content of the structure from Or̂ y to Or,; leads to an increase in the pressure at which 

the compressional mechanism changes. Analysis of the structural data and infrared 

spectra at high pressures has led to an explanation of the behaviour which involves 

changes in T-O-T and O-T-O bond angles. These changes lead to further crumpling 

of the tetrahedral framework around the K cation site. The structural changes in 

microcline at high pressures may be the equivalent to the structural collapse in the Na- 

rich alkali feldspars at high temperatures. In Na feldspars the structural collapse causes 

a C2/m-^Cl transition, but this symmetry change has already taken place in 

microcline due to ordering. A structural collapse would also be sensitive to Al/Si 

ordering, twin boundaries and defects. This might be the reason for the difference in 

the transition pressures for the two microcline samples.
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7. Conclusions.

In this thesis, I have carried out a number of single crystal X-ray diffraction 

experiments at high pressures, and high pressures and temperatures on a selection of 

feldspar minerals. The studies have illustrated the complex and unpredictable nature 

of the aluminosilicate framework structures at non-ambient conditions.

The compressibilities of a number of alkali and plagioclase feldspars have been 

determined between 0 GPa and 5.2 GPa by single crystal X-ray diffraction, using a 

Merrill-Bassett diamond anvil cell. The volume-pressure data has been fitted to the 

Mumaghan equation of state and a bulk modulus obtained for each crystal structure. 

Analysis of previously published, and unpublished feldspar unit-cell data at high 

pressures, has also allowed the Mumaghan equation of state to be fitted to this 

volume-pressure data. For a straight comparison of the unit-cell volume changes with 

pressure it was necessary to fit K’ at 4. Analysis of the changes in bulk modulus with 

changing K’, for the disordered anorthite samples, revealed that changing K’ has little 

effect on the overall compressibility trends. Comparison of the unit-cell changes with 

pressure allows a number of conclusions to be made. The bulk moduli variation of 

feldspars is much more complex than originally thought. The intrinsic stiffness of the 

T-O-T bond linkages (which dictate the bulk modulus of the feldspar structure) are 

influenced by a number of factors, these include: Framework chemistry, the state of 

order, and framework configuration. Analysis of the changes in unit-cell parameters, 

and principal strain directions, allow further analysis of structural changes.

The PI-II phase transition in end-member anorthite has been reversed in-situ at high 

pressures and temperatures, using a single crystal sample. All experiments were 

performed in a modified Merrill-Bassett diamond anvil cell with heating provided by 

two commercial 150 Watt miniature cartridge heaters contained within external brass 

blocks clamped to the pressure cell. The unit-cell parameters were determined at 48
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pressure-temperature points up to 255*C and 2.6 GPa. At high pressures the phase 

transition is marked by a first-order step in the unit-cell parameters, and a complete 

disappearance of c-reflections from the diffraction pattern. At higher temperatures the 

boundary is marked by the disappearance of the c-reflections as the discontinuities in 

the unit-cell parameters across the transition are no longer detectable. From room 

temperature to ~190’C/ 2.0 GPa the transition boundary is linear and nearly isobaric. 

At 190*C/ 2.0 GPa to 240*C/ 1.5 GPa, the boundary is curved with increasingly 

negative dPIdT. From 240*CV 1.5 GPa to room pressure the boundary is linear and 

isothermal. The distinct changes in the transition and the equilibrium boundary in P-T 

space are associated with a cross-over or phase transition in the II phase field, which 

is linked to the sudden change in unit-cell parameters of this phase at high pressure 

and temperature.

The compressibilities of sanidine (Org^Ab,,), amazonite microcline (Or^y) and 

Norwegian microcline (Orgg) have been determined between 0 GPa and 5.2 GPa by 

single crystal X-ray diffraction, using a Merrill-Bassett DAG. The sanidine appears to 

exhibit straightforward compressional behaviour, with no evidence of the previously 

reported phase transition at 1.8 GPa. Analysis of the X-ray diffraction peaks indicates 

that severe diffraction peak broadening occurs in non-hydrostatic pressure medium. 

Re-analysis of volume-pressure data revealed that the pressure of the sample was 

originally under-estimated. Both of these arc possible causes of the discrepancy. Using 

the high pressure unit-cell parameter data for sanidine, the value of dTIdP has been 

calculated to be < 170*C, a value consistent with exsolution textures found in 

feldspars. High pressure unit-cell parameter data for microcline reveals a change in 

compression mechanism at 3.7 GPa (amazonite) and 4.2 GPa (Norwegian microcline). 

Analysis of high pressure infrared spectra reveals the appearance of a new component 

in the region of the spectra assigned to O-T-O bond bending vibrations, indicating that 

the change in compression behaviour may be caused by the sudden distortion of the 

Al,Si tetrahedron coupled to the changes in the T-O-T bond angles.
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In the last twenty five years, in-situ crystallographic studies at high pressure and 

temperatures have increased our understanding of the structural behaviour of materials 

at non-ambient conditions. However, the picture is far from complete. High pressure 

X-ray diffraction experiments are now a matter of routine, and high pressure- 

temperature experiments are well on course to become so, and yet problems still 

remain. The reader will have noticed that most of structural changes of the feldspars 

at high pressures are inferred from changes in the unit-cell parameters, when the 

obvious method of studying structural changes would be full-structure determinations. 

This is the crux of the problem. Most feldspar minerals possess low symmetry, and 

the construction of diamond anvil cells means that access to reciprocal space is 

restricted to such an extent that full structure determinations are rendered unfeasible. 

In order to overcome this problem the sample must be re-oriented half-way through 

the data collection, the cell reloaded and then re-pressurised to the original pressure. 

Re-orientation of the crystal usually involves rotating it, an operation which is dictated 

by the morphology of the crystal sample. Most feldspar samples cleave in such a way 

as to render this operation impossible. Thus, the way forward for the study of low 

symmetry materials at high pressures appears to lie in the modification of DACs. 

Various studies have revealed that most DACs are massively "over constructed". 

Reducing the amount of material in the steel supports and backing discs will increase 

access to reciprocal space. The maximum attainable pressure can be increased by 

replacing the beryllium backing discs with tungsten carbide.

Experimental crystallography at high pressures and temperatures presents a formidable 

challenge both in design and calibration. The need to maximise the access to 

reciprocal space means that insulation of the cell must be minimised. This leads to 

thermal instability and experimental uncertainties. External heaters make operation of 

the cell easier than with internal resistance heaters, although the thermal instability 

appears to increase. The operation of the cell is further complicated by the lack of an 

optical access hole in the boron carbide backing discs. 1  believe the future for high
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pressure-temperature crystallography lies with synchrotron X-ray diffraction. The high 

P-T cell is stationary throughout the experiment, and this means external heaters can 

be used and the cell thoroughly insulated. Replacement of boron carbide backing 

plates with tungsten carbide, and the reduction of the steel supports introduces an 

optical access hole without a reduction in the access to reciprocal space. Before these 

experiments become a matter of routine, problems arising from spacial 

inhomogeneities in both the synchrotron beam intensity and polarization must be 

overcome.
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Appendix.

Suppliers and Materials.

Diacell Products, 54 Ash Tree Road, Oadby, Leicester, England: DXR-4 diamond 

anvil cells, diamond anvils and boron carbide backing discs.

Radio Spares Components Ltd: "FID” type temperature controller, thermocouples, 

thermocouple readout, ammeters, voltmeters and various other electrical components.

Fortafix Ltd, Fengate, Peterborough, England: High temperature cement.

Associated Springs, Unit 21, Briar Close, Evesham, Worcestershire, England: 

Belleville spring washers.

Watlow Ltd, Thomfield Industrial Estate, Hooton Street, Nottingham, England: Firerod 

cartridge heaters.

National Aeronautics and Space Administration, Houston, U.S.A.: Insulating Ceramic 

tiles, and Meccano.
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