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ABSTRACT 

Some natural potassium feldspars have been shown to contain traces of structural 

"water" which may have been incorporated into the structure at high partial pressures 

of water. At even higher partial pressures of water potassium feldspar is known to 

break down to form a hydrated phase (referred to as "sanidine hydrate") which is 

structurally comparable to cymrite which forms from barium feldspar (celsian) at 

high pressures. This study investigates the capacity for potassium feldspar and 

"sanidine hydrate" to act as reservoirs for hydrous fluids in the Earth's crust and 

upper mantle, and establishes the pressure-temperature range of stability of the 

hydrate phase. 

Sanidine and "sanidine hydrate" have been synthesised from gels at a variety of 

pressures and temperatures in a piston cylinder apparatus and cold seal apparatus. 

These run products have been used to determine the equilibrium position of the 

reaction between sanidine and water to form "sanidine hydrate". The reaction was 

found to lie between four brackets of 2.35 and 2.5 GPa at 450°C, 2.4 and 2.59 GPa at 

550°C, 2.67 and 2.74 GPa at 650°C and 2.70 and 2.72 GPa at 680°C. Infrared 

spectroscopy showed that the dominant water species in 'sanidine hydrate" was 

structural H20. The quantity of this structural H20, measured by thermogravimetric 

analysis, was found to vary between 4.42 and 5.85 wt% over the pressure range of 

2.7 to 3.2 GPa and the temperature range of 450 to 680°C. Systematic variation in 

water content over the experimental range studied was not clearly established. The 

samples were contaminated with platinum (up to 0.5 mg) from the capsule and the 

resultant thermogravimetric analyses would be too low. The maximum value was 

below 6.07 wt% which would be equivalent to 1 molecule of H20 per formula unit. It 

was possible to remove the water entirely by heating at atmospheric pressure to 

produce anhydrous hexagonal KA1Si308  ("hexasanidine") implying that the structural 

"water" content of "sanidine hydrate" is variable, perhaps as a continuous solid 

solution between the end members where n = 1 and n = 0 in the formula 

KA1Si3O8.nH20. The unit cell parameters, measured by powder X-ray diffraction, for 

"sanidine hydrate" were a = 0.5337 (±0.0003) nm and c = 0.7714 (±0.0009) nm, and 

those for "hexasanidine" were a = 0.5288 (±0.001) nm and c = 0.7818 (±0.0005) nm. 

This change in the unit cell parameters on dehydration was of a similar magnitude 

and direction to those for cymrite and hexacelsian, which would also suggest a solid 

solution in the water content as was found in the barium analogue. The water content 

data was not of a sufficient quality to calculate the average enthalpy and entropy of 

the dehydration of "sanidine hydrate". If the structural "water" content of "sanidine 

hydrate" is presumed constant over the pressure-temperature range of the study the 
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average values for the enthalpy is 18000 (±5000)Jmol 1  and for the entropy is 92.75 

(±5.80) JK 1mol. 

Synthetic sanidines and natural sanidines from the Klokken layered intrusion of 

South Greenland were examined using infrared spectroscopy to determine the type 

and relative proportions of structural "water" in order to see if there was any 

pressure-temperature control on the structural "water" content. Sanidines were 

synthesised at a variety of pressures and temperatures but showed no systematic 

variation in the water content when the relative proportions were calculated by 

normalisation of the infrared OH stretching peaks to a peak caused by vibrations of 

part of the silicate lattice. In fact this study showed a greater difference in the infrared 

spectra obtained when a different gel starting material was used. Laminated syenites 

from the Klokken intrusion, Greenland, show deuteric alteration which could be 

caused by exsolution of structural "water" incorporated into the feldspar at higher 

temperatures. This hypothesis presumes that water solubility in feldspars is greater at 

higher temperatures. Testing this hypothesis using feldspars from the Klokken 

intrusion might provide additional evidence for a pressure-temperature control on the 

structural "water" content. Hence the structural "water" content of the granular 

syenites roof-chill series was examined in order to see if its abundance increased with 

depth in the intrusion until a saturation level was achieved when fluid inclusion water 

began to exsolve. However, the normalised peak areas in the OH stretching region 

did not increase regularly, probably indicating that the method of analysis was not 

adequate rather than a lack of systematic increase of the water content with depth. 

Infrared spectra of the Klokken feldspars were not easily interpreted in terms of the 

structural "water" content, perhaps because the feldspars were perthites containing a 

mixture of microcline and low albite. The OH peaks present looked somewhat 

similar to microcline but lacked a peak at 3620 cm* The variation in the size and 

position of the peaks present with orientation of the crystal was irregular. This 

irregular behaviour does not agree with previous work on the orientational effect on 

the infrared OH stretching peaks. 

Thus the solubility of water in potassium feldspar could not be calculated and hence 

its capacity for storage of water in metamorphic and igneous rocks under various 

geological conditions was not evaluated. "Sanidine hydrate" can contain a large 

proportion of structural "water". Its occurrence is limited to high pressure but very 

low temperature conditions and could therefore act as a reservoir in cold subduction 

zones. However, the occurrence of "sanidine hydrate" would also be limited by the 

bulk composition of the rock and may only be common in granitic compositions at 

these pressures and temperatures. 
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Chapter 1 

Introduction 



Potassium feldspar is nominally an anhydrous mineral containing no stoichiometric 

water. However, natural examples of feldspar can contain traces of water held within 

defects in the structure. Gem quality microclines and adularia, studied by Hofmeister 

and Rossman (1985a), Ames and Rossman (1985) and Kronenberg et al. (in press), 

have been found to contain structural H20 located in at least two different defect sites 

within the feldspar structure. Sanidines from the Eifel region of West Germany, 

studied by Hofmeister and Rossman (1985b), Beran (1986) and Behrens and Muller 

(1995), may contain more structural OH than H20 although Beran considered H20 to 

be the dominant species. The structural "water" content of these feldspars may have 

been acquired at high partial pressures of water. However, the variation of the 

solubility of water in potassium feldspar with pressure and temperature of 

crystallisation is not known. Feldspars frequently contain a large quantity of water as 

fluid inclusions in micropores (Burgess et al., 1992). 

Potassium feldspar is an abundant mineral on the surface of the earth and may, in 

some lithologies, persist to depths of up to 100 km in the presence of water. At high 

partial pressures of water potassium feldspar reacts with water to form a hydrated 

phase, referred to as "sanidine hydrate" in the present study. This phase was first 

recorded by Seki and Kennedy in 1964. They determined the pressure and 

temperature required to synthesise the hydrated phase but did not attempt to 

determine the equilibrium position of the reaction. Graham et al. (1992) studied the 

stability of the barium feldspar hydrate analogue, cymrite, BaAl2Si2O8.nH20 and the 

relationship of water content (nH20) to pressure and temperature. They discovered 

that cymrite could hold more structural "water" at higher pressures and lower 

temperatures and that cymrite had a composition that could vary between one 

molecule of H2O per formula unit (BaAI2Si2O8.H20) and anhydrous hexacelsian with 

a hexagonal structure and the formula BaAl2Si2O8. Viswanathan et al. (1992) 

confirmed that this was a solid solution by showing that the cell parameters of 

intermediates between cymrite and hexacelsian, synthesised by dehydrating cymrite, 

varied continuously between the cell parameters for each end member. 

The abundance of potassium feldspar could allow it to act as a large reservoir for 

water in the crust even though it only contains traces of water. Therefore knowledge 

of how this water content, both as structural "water" and as fluid inclusion water, 

varies with pressure and temperature conditions may explain some of the sources and 

sinks of fluids in metamorphic and igneous rocks. For example, pervasive feldspar-

fluid interactions in cooling igneous rocks may reflect the exsolution of water 

incorporated into the feldspar at higher temperatures and pressures (Brown et al., 
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1983). At higher pressures "sanidine hydrate" may be stable and therefore, as 

"sanidine hydrate" could contain a large proportion of structural "water". It may, in 

part, contribute to the storage of fluids in subducting slabs, the lower crust or the 

upper mantle. 

In the study described here I addressed these questions by investigating the stability 

of "sanidine hydrate" under geological conditions. The properties of "sanidine 

hydrate" could follow a similar pattern to those of cymrite. Examining the solubility 

of water in potassium feldspar and "sanidine hydrate" may help to explain the 

occurrence and storage of geological fluids. I have therefore investigated the nature 

of structural "water" within these phases and attempted to quantify the structural 

"water" at a number of pressures and temperatures in order to see if any systematic 

behaviour can be identified. 

The background work on the hydrated phase "sanidine hydrate" and the analogous 

barium feldspar hydrate, cymrite, is reviewed in Chapter 2. Chapter 3 summarises the 

experimental methods and analytical techniques used throughout the thesis. The 

reversal experiments on the reaction between sanidine and water to form "sanidine 

hydrate" are detailed in Chapter 4 showing the equilibrium position of the reaction to 

lie between four brackets of 2.35 and 2.5 GPa at 450°C, 2.4 and 2.59 GPa at 550°C, 

2.67 and 2.74 GPa at 650°C and 2.70 and 2.72 GPa at 680°C. In Chapter 5 the 

structural "water" of "sanidine hydrate" is shown, from infrared spectroscopy, to be 

H20 molecules held within a single site within the crystal structure. Any systematic 

variation of this water within "sanidine hydrate", with pressure and temperature of 

synthesis, was also sought from thermogravimetric analysis, but the data obtained 

were poor, perhaps because the samples were contaminated with platinum. The unit 

cell parameters may also show variation with structural "water" content as was seen 

in the work of Viswanathan et al. (1992). Chapter 6 contains the measurements of the 

cell parameters of "sanidine hydrate" for differing pressures and temperatures of 

synthesis. Again little variation was found but when the cell parameters of the fully 

dehydrated form of "sanidine hydrate", referred to henceforth as "hexasanidine", 

were measured they showed only small changes in unit cell parameters from the 

original hydrous "sanidine hydrate". Hence subtle changes in the water content of 

"sanidine hydrate" may not be detectable by measuring the unit cell parameters. 

Chapter 7 outlines calculations of some thermodynamic state functions, using the 

measured unit cell parameters, water contents and position of the reaction as 

determined in Chapter 4. The possible natural occurrences of "sanidine hydrate" are 

discussed in Chapter 8. Chapter 9 describes attempts to find evidence for the 

3 



variation in structural "water" content of potassium feldspar at high temperatures and 

partial pressures of "water" by looking at the water content of some synthetic 

sanidines with infrared spectroscopy. Similar work on a suite of feldspars from the 

KJokken layered syenite intrusion, which it was postulated could also show evidence 

for a greater capacity for water at higher temperatures, is described in Chapter 10. 

Finally Chapter 11 summarises the major conclusions of the thesis and includes 

suggestions for further work. A diagrammatic summary of the thesis is also shown in 

Appendix B. 
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Chapter 2 

Previous work on the system KA1Si3O8-H20 
and its barium analogue at high pressures 



2.1 Introduction 

In the absence of other components all the common feldspars break down at 

pressures below 4 GPa. At high partial pressures of water albite breaks down to 

jadeite plus quartz or coesite (Holland 1980), anorthite transforms to zoisite + 

kyanite + quartz + vapour (Goldsmith, 1981), and celsian (Ba feldspar) to cymrite 

(BaAl2Si2O8.nH20) (Seki and Kennedy 1964b). However, little is known about the 

transformations of potassium feldspar since they occur at such high water pressures 

that any high pressure phases close to KA1Si308  have never been found to exist in 

nature. In the absence of water Kinomura at al (1975) showed that potassium feldspar 

breaks down to form a wadeite type phase (K2Si4O9) + kyanite + coesite. This 

breakdown occurs between 3 GPa at 700°C and 6 GPa at 1400°C. There has only 

been one major study to date on the potassium feldspar system in the presence of 

water (Seki and Kennedy 1964a). This work showed that sanidine transformed to a 

hydrate phase at high water pressure with a composition which was presumed to be 

KAISi308.nH20. The position of the reaction was at slightly lower pressures than the 

anhydrous breakdown would be if extrapolated to lower temperatures. In this current 

work this hydrate phase is referred to as "sanidine hydrate". Several other authors 

have encountered a hydrate phase whilst studying the effects of pressure and 

temperature on natural orthoclases or studying melting systems involving sanidine 

but none of them have studied it in any further detail. 

Graham et al (1992) studied the barium analogue, cymrite. Since the Ba and K ions 

have a similar ionic radius it was thought possible that "sanidine hydrate" 

(KA1Si3O8.H20) may behave in a similar manner to cymrite. Solid solutions between 

"sanidine hydrate" and cymrite were found in natural examples from Perthshire, 

known as hyalophanes, by Moles (1985). Therefore the current project was instigated 

in order to see if "sanidine hydrate" does behave in a similar manner to cymrite. 
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2.2 The KAISi3O8-H20 system. 

Seki and Kennedy (1964a) discovered that potassium feldspar undergoes a reaction at 

water pressures in excess of 1.0 GPa which produced a new hydrous phase. Hence 

they conducted a series of experiments at high pressures and temperatures in order to 

investigate this reaction and then measured the X-ray diffraction pattern and 

calculated the unit cell dimensions, unit cell volume, optical properties and density of 

this new phase. Seki and Kennedy did not establish by direct analysis that the new 

phase was of the assumed composition of sanidine + water, KA1Si3O8.nH20. 

However, the physical properties of this phase were all strikingly similar to cymrite, 

the hydrated phase of barium feldspar, which they assumed to have the formula 

BaA1Si308(OH) (Seki and Kennedy, 1964b) and hence they were not sure of the 

composition of their new phase. Anhydrous runs using sanidine alone, at 1300°C and 

6.0 GPa, did not produce any reaction (unlike dry albite which under the same 

physical conditions breaks down to jadeite and quartz/coesite). Both these 

observations would indicate that this new phase was in fact a hydrate but the 

strongest evidence was the agreement between the measured and calculated densities 

(2.58 +1- 0.02 and 2.60 respectively), which was within 1% if there was one molecule 

of H20 per formula unit. If the new phase had either 0 or 2 molecules of water in the 

formula the difference would have been about 8%. This hydrated phase was therefore 

called "sanidine hydrate". 

The experiments of Seki and Kennedy were unreversed, synthesis experiments, and 

so the boundary they determined was not necessarily the equilibrium reaction 

position but merely the lowest temperature at which "sanidine hydrate" crystallised. 

"Sanidine hydrate" may have been metastable over part of this field. These high 

pressure runs were made in both a piston anvil device (as described by Griggs and 

Kennedy 1956) and a piston cylinder apparatus (similar to the apparatus described in 

Chapter 3). These two methods have been known to give different results but in Seki 

and Kennedy's study they produce almost identical results. The starting materials 

used were: 

sanidine crystallised from pure KA1Si308  in a piston anvil device and water, 

a natural orthoclase, with Na20 = 4.4% and K20 = 11.7%, and water. 

The products were characterised using powder X-ray diffraction techniques and a 

petrographic microscope. X-ray diffraction was used to position the phase boundaries 

as it showed the presence of "sanidine hydrate" more distinctly, with a large change 

in the proportions of the phases within 0.05 GPa of the boundary. Using sanidine as a 
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starting material, the results obtained by Seki and Kennedy in the piston anvil and the 

piston cylinder apparatus are shown in Figures 2.1a & b. Sanidine and water gave a 

hydrated phase with a hexagonal structure at high water pressures. The properties of 

this phase are given in Table 2.1. The refractive index was measured by the 

immersion method, the density of the phase by suspension with methylene iodide 

liquid and the unit cell dimensions from X-ray diffraction patterns. The measured 

value of density agreed with the unit cell dimensions and the chemical composition 

of KAISi3O8.1120. If the chemical reaction is 

KA1Si308  + H20 = KA1Si3O8.1120 

with only one H20 molecule per formula unit then the total molar volume of the left 

hand side is 0.212 nm3  and of the right hand side is 0.19 nm3. This would therefore 

favour the formation of the hydrate at high water pressures, as observed. 

Table 2.1 Properties of "sanidine hydrate from Seki and Kennedy (1964a) compared with similar 
values for cymrite (Smith et at 1949) 

"sanidine hydrate" 	 cymrite 

a = 0.553(5) nm 	 a = 0.532 nm 

c = 0.770(0) nm 

Unit cell volume = 0.1898 nm3  

Hexagonal 

co = 1.545 ± 0.003 

c= 1.535±0.003 

Uniaxial negative 

Elongation positive 

Calculated density = 2.6 

Measured density = 2.58 ± 0.02 gcm 3  

c = 0.767 nm 

Unit cell volume = 0.188 nm3  

Hexagonal 

o= 1.6225±0.001 

F_ = 1.6125 ± 0.001 

Uniaxial negative 

Measured density = 3.413 ± 0.005 gcm 3  
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Fig. 2.1. a) Results of synthesis experiments in a piston cylinder apparatus of a similar design to the 
one described in Chapter 3 b) Results of synthesis experiments using a piston anvil device as 
described by Griggs and Kennedy (1956) (Seki and Kennedy 1964a) 
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Figure 2.2 shows the results of Seki and Kennedy's experiments conducted on natural 

orthoclase under similar conditions. In the presence of water this natural orthoclase 

broke down to sanidine + jadeite + quartz, followed by sanidine + jadeite + coesite 

and then "sanidine hydrate" + jadeite + coesite. Without water the third reaction did 

not occur. The jadeite produced in these experiments was very similar to natural 

jadeite in its X-ray diffraction pattern. The intensities of the jadeite reflections 

increased with distance into the jadeite field but their d-spacing remained the same, 

implying that there was no incorporation of potassium into the formula. The phase 

KA1Si206  with a pyroxene structure, i.e. pure potassium jadeite, did not occur even 

at 6.2 GPa and 1000°C. 

Figure 2.3 shows a comparison of the results determined with the piston cylinder and 

piston anvil apparatus on synthetic samples with the experiments carried out on a 

natural sanidine. 

Experiments on albite glass + water and albite crystals + water failed to synthesise a 

hexagonal phase, but produced jadeite + quartz/coesite. 

4.0 	
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0 
0 	 0 

0 0 	 0 

3.0 

62.0 
C..' 

0 000 
0 0 0 

0 ;..- 

O : : ++a DDA  £ 
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£ sanidine + jadeite + quartz + water 
a natural sanidine + water 

0 
400 	500 	600 	700 	MU 

	
900 
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Fig. 2.2. Results of experiments using natural sanidine as a starting material (Seki and Kennedy 

1964a) 
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Fig. 2.3. A comparison of the results of Seki and Kennedy (1964a) shown in Figures I  and b and 2. 
The piston cylinder apparatus (as described in Chapter 3) and the piston anvil device (as described by 
Griggs and Kennedy 1956) gave almost identical results using synthetic sanidine glass as a starting 
material. The same reaction, determined using natural sanidine as a starting material in the piston 
cylinder apparatus, was also in a similar position. 

Ryabinin et al (1965) carried out a similar study of a moistened natural sanidine at 

high pressures and temperatures. They conducted their experiments in a graphite 

resistivity furnace, with KHCO3-saturated solution as a flux, between pressures of 

6.6 - 7.9 GPa and temperatures of 400 - 2300°C. 

Several reactions occurred over the entire experimental range. Optically, two 

minerals could be seen; acicular crystals (phase A) that were surrounded by irregular 

grains (phase B). The densities of these two phases were 3.3 and 2.5 - 2.7 g/cm3 

respectively, measured by the immersion technique. The electron probe showed that 

the acicular crystals were virtually potassium free, (see Table 2.2 for characteristics 

of the phases in comparison with published data). Powder X-ray diffraction data 

showed not only jadeite lines and the hexagonal hydrate phase of sanidine but also 

the principal coesite lines. This would agree with the bulk chemical composition; the 

coesite may have been too fine to see optically. 



Table 2.2. A comparison of the phases synthesised by Ryabinin et at (1965) with published data 
N(m,p,g,p',g) = refractive indicies, p = density 
** = Larsen and Berman (1965) * = Seki and Kennedy 1964a 

Original sanidine 	Phase A 	Jadeite** Phase B "sanidine hydrate* 

Si02  = 65.03 	Si/Al = 1.96 	Si/Al = 2 Si/Al = 3.14 Si/Al = 3 

A1203= 19.32 	K20=0.2% Si/K= 3.16 Si/K=3 

K20 = 12.21 AUK= 1.1 AIIK=1 

Na20 = 4.49 

Na021 SKO 7MAISi3OS NaAISi206  KAISi3O8.nH2O 

Nm = 1.524 	Np' = 1.660 Np = 1.654 Np '= 1.537 	Np = 1.535 

Np = 1.520 	Ng'= 1.667 Nm= 1.659 Ng= 1.546 	Ng= 1.545 

Ng = 1.667 

p = 2.54-7 gcm 3 	p = 3.3 gcm 3  -_p = 3.3-4gcm 3  p = 2.5-2.7 gcm 3 	p = 2.58 gcm 3  

Therefore the breakdown of natural sanidine in the presence of water resulted in the 

differentiation of potassium into a low density, hydrous mineral and sodium into a 

higher density, anhydrous mineral. "Sanidine hydrate" was stable over the entire 

pressure, temperature range studied by Ryabinin et al, up to 8.0 GPa and 2300°C, 

which corresponded to a depth of 250 - 300 km beneath the surface of the Earth. 

However, if such a material formed at that depth, it would be substantially less dense 

(p = 2.5 - 2.7 g/cm3) than the assumed density of the surrounding mantle (p = 3.2 - 

3.4 g/cm3). 
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2.3 The BaAI2Si208-H20 system 

The BaAI2Si2O8-H20 system possibly represents a low pressure analogue for the 

anticipated phase relations and thermodynamic properties of the KAISi308-H20 

system at mantle pressures. 

At high partial pressures of water barium feldspar, celsian, breaks down to form a 

hydrous phase known as cymrite. This mineral was first identified by Smith et a! 

(1949) who assigned it a hexagonal symmetry and a composition of BaAl2Si2O8.OH. 

Later work (Canon et al, 1964, and Essene, 1967) showed the true formula to be 

BaAl2Si2O8.nH20. The first work on the reaction of celsian and water to form 

cymrite was carried out by Seki and Kennedy (1964b). Subsequent workers (Nitsch, 

1980, Moles, 1985) attempted to find the equilibrium position of the reaction by 

reversal experiments. 

Graham et al (1992) conducted a series of experiments on the synthesis and growth 

rates of cymrite and reversal experiments on the reaction 

BaAL2Si2O8  + nH20 = BaAl2Si2O8.nH20, 

celsian 	+ water = cymrite. 

Graham et al used BaAl2Si2O8  gel and water as starting materials in their 

experimental runs carried out within internally heated argon gas pressure vessels. 

The run products were characterised optically, by powder X-ray diffraction 

techniques and by the electron microprobe if the crystals produced were coarse 

enough. In order to investigate the possible metastable growth of cymrite they varied 

the length of their runs between 3 hrs and 3 days. At low pressures and temperatures, 

within the celsian stability field (at the point labelled "kinetic study" in Figure 2.5) 

after only 3 hours cymrite grew rapidly but metastably, being replaced by celsian in 

longer runs. Experimental studies by Nitsch (1980) and Moles (1985), prior to those 

performed by Graham et al, were conducted at lower pressures and temperatures 

below 600°C. Metastable growth of cymrite in the celsian stability field might 

explain the discrepancy between the position of the equilibrium boundary (see 

below) in these works and the work of Graham et al. The results of Nitsch (1980) and 

Moles (1985) may have shown metastable cymrite growth only (see Fig. 2.4) as 

equilibrium is hard to attain in realistic run times at these pressures and temperatures. 

Graham et al then reversed the reaction using 50:50 mixtures of synthetic cymrite 

and celsian (Fig. 2.5). The direction of reaction was determined optically and with 

powder X-ray diffraction techniques. Only large shifts in the X-ray diffraction peaks 

13 



(>20%) were used as results, because of the possibility of rapid metastable cymrite 

growth in the stability field of celsian. The reaction was curved due to the varying 

equilibrium water content of cymrite, and therefore varying reaction stoichiometry, 

over this pressure-temperature field. The reversals gave tight brackets for the 

equilibrium position of the reaction at high temperatures (>600°C) of 10-15°C, but at 

lower temperatures the brackets were much larger (0.075-0.1 GPa) owing to the slow 

rates of reactions. These brackets, however, were thermodynamically consistent with 

the tighter brackets at higher temperatures. 
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Fig. 2.4. Plot to show the phases which grew initially after only short duration runs (Graham et al 
1992). The solid line shows the position of the equilibrium boundary found by reversal experiments 
(see Fig. 2.5). Therefore cymrite grew metastably beneath this equilibrium reaction in short duration 
runs. For comparison, the position of the reaction that was found by Nitsch (1980) is shown. 
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Fig. 2.5. Results of reversal experiments on the cymrite - celsian reaction. (Graham et a! 1992). The 
results of Nitsch (1980) may have shown metastable growth only. The point labelled "kinetic study" 
produced cymrite in an experiment of only 3 hours duration but produced celsian in a longer 
experiment. 

Results of thermogravimetric analyses (TGA) of cymrites, synthesised stably and 

metastably at various pressures and temperatures in the presence of excess water are 

shown in Figure 2.6. The weight loss to 300°C was thought to represent adsorbed 

water on the surface of poorly or finely crystalline samples and so for the purposes of 

calculating the formula of cymrite this was ignored. The principlal weight loss 

occurred between 300°C and 600°C which was thought to represent molecular water 

being lost from the structure. The largest amount of water lost in this temperature 

range was 4.7 wt% which corresponded to the theoretical molecular water content of 

1 H20 per formula unit. The weight loss varied according to the pressure and 

temperature of synthesis. Above 750°C a small but significant amount of weight was 

lost which was also dependent on the pressure and temperature of synthesis. This was 

interpreted as structurally bound OH which was more strongly bound into the 

cymrite structure. 

0.5 
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The variation of the molecular water content with pressure and temperature was 

plotted by subtracting the water lost in the ranges below 300°C and above 600°C as 

shown in Figure 2.7. Thermodynamic analysis, as described below, supported the 

conclusion that these values of water loss varied systematically with P(H20) and 

were the equilibrium water contents. However, reversal of the water content lines 

was not possible, probably because reduction of water was much faster than uptake, 

i.e. for some kind of kinetic reason. Alternatively, by raising the pressure and 

temperature of synthesis, water was being moved into the OH sites and hence gave a 

smaller value than expected between 300°C and 600°C on dehydration. When the 

pressure and temperature were lowered again the water was too firmly bound into the 

OH sites to readily re-equilibrate to the equilibrium molecular water value for those 

conditions, as shown in Figure 2.7. 
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Fig. 2.6. Plot of weight loss versus temperature for three synthetic cymrite samples using a STA 780 
series thermal analyser. (Graham et a! 1992) 
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Fig. 2.7. The point values show the water contents of cymrites synthesised at various pressures and 
temperatures. The water content was measured by the loss in weight between 300 and 600°C during 
thermogravimetric analysis. Isopleths of constant water composition were calculated, as described in 
the text, and found to be in good agreement with the measured values. Therefore the measured values 
of water content in cymrite were probably equilibrium ones even in the region where the cymrite 
itself is metastable. (redrawn from Graham et al 1992) 

Infrared and micro-Raman spectroscopic studies were performed on two of the 

cymrite samples. The micro-Raman study of the sample prepared at higher pressure 

and temperature showed stronger peaks in the HOH bending region than the lower 

pressure-temperature sample, implying that there was increased orientational 

ordering, of the H20 molecules. In the lower frequency region the low pressure 

sample showed broader peaks which could be related to some structural disorder. The 

infrared absorption spectra also showed increased orientational ordering of the H20 

molecules in the higher pressure-temperature sample. by the sharper peaks for OH 

stretching and HOH bending. The infrared OH stretching peaks for cymrite occurred 

at a lower frequency than for H2O in cordierite or beryl, which suggested that the 

degree of hydrogen bonding of water in the cymrite was greater, in good agreement 
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with thermodynamic data (see below). The intensity of the 0-H stretching and HOH 

bending peaks in the lower pressure-temperature sample was greater, which fitted 

with the higher water content of the lower temperature sample. 

Therefore, the water in the cymrite was shown to be mainly molecular H20 with the 

quantity varying with pressure and temperature up to a maximum of one H20 

molecule per formula unit. The structure of cymrite was found to be 

pseudohexagonal with an overall monoclinic structure (Drits et al, 1975) and the 

varying amounts of water could lie in the large hexagonal channels. The hexagonal 

structure of cymrites could be supported by the water molecules forming hydrogen 

bonds to the adjacent oxygen atoms in the hexagonal channels and thus preventing 

the collapse of the structure and its subsequent transformation to monoclinic celsian. 

Finally Graham et al investigated the thermodynamics of water in cymrite. They 

assumed that the composition of cymrite was an ideal solid solution between the 

hydrous (cymrite, BaAl2Si2O8.H20) and the anhydrous (hexacelsian, BaAl2Si2O8) 

end member. This assumption was supported by the unit cell data of Viswanathan et 

al (1992) (see Figures 2.9 and 2.10). It was shown experimentally that the quantity of 

water in the cymrite structure never exceeded one molecule per formula unit 

(equivalent to 4.58 wt%). Therefore the mole fraction of the hydrous end member 

(Xcym) could be calculated from the thermogravimetric molecular water loss data by 

the proportion of the measured weight percentage of water to the weight percentage 

of water in one molecule per formula unit. For the reaction 

BaAl2Si2O8  + nH20 = BaAI2Si2O8.nH20, 	 (1) 

hexacelsian + water = cymrite, 

at equilibrium 

AGO = AH -TLS. + RTInK + LWP = 0. 	 (2) 

Cymrite and hexacelsian have a very similar structure, since they form a solid 

solution, and so the volume change of the solids in the reaction was presumed 

negligible. Hence 

AH 	
= —RinK, 	 (3) 

T 

a 	 X 
where 	K = 	cym 	 cym 

	

ablaHO 	(i_xcym )f(H2o) 	
(4) 
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assuming ar  = (Xcym )" in an ideal solid solution (where n = number of sites per 

formula unit on which mixing can take place - which, in this case, is one). 

A plot of -R1nK against lIT gave a linear correlation with a slope of iH of 

-59.03(3.0) kJmol' and an intercept at lIT of AS' of -133.47(3.2) JK'mol-' for the 

reaction between hexacelsian and water to form cymrite. 

The good fit of this data to equation (3) demonstrated its internal consistency, 

supporting the hypothesis that the measured water contents were equilibrium ones. 

Calculated values of LJ-I and LS could be put back into equation (3) to give the 

equation 

(— X  

	

••\ 	 7100.64 
1 	 cym 	I 

tn 	

I - lnf(H20) =_______ - 16.054. 	 (5) 

	

l— xcym ) 
I 	 T 

lnftH20) depends on pressure and temperature, as tabulated in the data of Burnham et 

al (1969), and thus values of the water content were used to calculate Xcym  and solve 

equation (5) to give the isohydrons of Figure 2.7. It can be seen from Figure 2.7 that 

even where the cymrite itself is metastable the water contents still agree with the 

isohydrons are therefore probably equilibrium values. 

After calculating a thermodynamic model for the equilibrium water contents, the 

location and curvature of the cymrite celsian equilibrium was calculated more 

accurately within the experimental brackets and then extrapolated to lower pressures 

and temperatures. To achieve this equation (2) was applied to the reaction 

BaAl2Si208.H20 = BaAl2Si208  + H20, 	 (6) 

cymrite 	= celsian 	+ water. 

In this reaction the volume change of the solids is not negligible and was calculated 

from the change in cell parameters using the data of Viswanathan et al (1992). If 

celsian and H20 are pure then the equation can be rewritten as 

Av:(P—I) H° As° 	
(7) + lnf(H20) - lnX - - T + 

RT 	
cym RT R 

For the experimental conditions of the reversal experiments which bracket the 

cymrite-celsian equilibrium the left hand side of the equation was evaluated and 

plotted against lIT. Thus the values for AHO  and ASO for the reaction between 
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celsian and water to form cymrite were calculated to be 37,425(707) Jmol' and 

116.37(0.6) JK'mol1  respectively. By substituting these values back into equation 

(7) the position of the P(H20)-T locus was determined both within the experimental 

brackets and outside this pressure-temperature range. On extrapolating the reaction to 

lower pressures and temperatures Graham et al discovered that the curvature on the 

reaction was not sufficient to explain the occurrence of cymrite in low pressure and 

temperature conditions in near surface sedimentary and hydrothermal rocks. The 

cymrite found in these rocks is therefore metastable. 

Hsu (1994) also investigated the equilibrium position of the reaction between celsian 

and water to form cymrite. He found that the position of the reaction lay in a different 

position to that determined by Graham et al. (1992). Figure 2.8 shows the results of 

Hsu's work in comparison to that of Graham et al. described above 
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Hsu's study would explain the common occurrence of cymrite at atmospheric 

pressures in sedimentary environments without the need for extensive metastable 

behaviour. However, the reason for the discrepancy between these results and those 

of Graham et al. were not understood. 

The structure of cynirite was determined by Drits et al. (1975) from a sample of 

cymrite from California. They found the unit cell to be monoclinic with unit cell 

parameters of a = 0.533 nm, b = 3.66 nm, c = 0.767 nm and P = 900. The structure 

has pseudohexagonal symmetry with slight distortions in the structure reducing the 

symmetry from hexagonal to monoclinic. This might be caused by slight ordering of 

the Si and Al atoms and results in small displacements of the Ba atoms along the x-

axis and the Si and 0 atoms along the z-axis. The tetrahedra appear to twist slightly 

in alternate directions. The resulting diffraction patterns therefore contain satellites 

on hk0 for Ba atom displacements and weak ones on Okl for Si and. 0 atom 

displacements. 

Viswanathan et al. (1992), in a paper accompanying that by Graham et al, also 

studied hydrated barium feldspars. Experiments were carried out on gels of 

composition BaAl2Si2O8  using externally heated cold seal pressure vessels at 0.1-0.3 

GPa and piston cylinder apparatus at 0.7-1.0 GPa. Hexacelsian (BaAI2Si2O8  with a 

hexagonal structure), synthesised at atmospheric pressure and 1590°C, and a natural 

cymrite, were used in dehydration studies. The phases were identified and their 

lattice constants determined by X-ray diffraction methods. 

The natural cymrite was dehydrated over a temperature range of 0-1000°C. Here it 

was found that cymrite could be partially or completely dehydrated and that the 

lattice constants varied with water content. Initially the lattice constants were similar 

to the values for cymrite but when the sample was completely dehydrated they were 

close to the values for hexacelsian. Dehydration caused an expansion in the c 

direction and a contraction in the a direction (see Figures. 2.9 and 2.10). Cymrites 

that had been only partially dehydrated were referred to as intermediate cymrites. 
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Fig. 2.9. Relation between the lattice parameters a and c for hexagonal phases produced at stages 
during the dehydration of cymrite (Viswanathan et al 1992). 
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Thermogravimetric analysis carried out on synthetic cymrites confirmed the 

observation of Graham et al (1992), that the main range of dehydration lay between 

300 and 600°C. However, with the natural cymrites the temperature range for 

dehydration was much higher (500-750°C). This could have been due to the 

difference in the grain size as the synthetic specimens were very fine grained. 

Four samples were subjected to dehydration in a Guinier high-temperature camera to 

determine their change in lattice constants with temperature. Figures. 2.11 and 2.12 

show the results. The four samples used were a synthetic hexacelsian, an 

intermediate cymrite, a synthetic cymrite and a natural cymrite. The hexacelsian, 

which did not contain water, showed only the effects of thermal expansion. At about 

250°C there was a discontinuity which perhaps reflected the change of hexacelsian 

between its a and P forms as described by Yoshiki and Matsumoto (1951). The 

natural cymrite seemed to exhibit this a to P transition also and at higher 

temperatures it showed the contraction in the a direction and the expansion in the c 

direction as mentioned previously. The fine grained synthetic cymrites would start to 

dehydrate at a temperature which would mask the a to P transition if it occurred. The 

intermediate cymrite showed a smaller water loss effect, as would be consistent with 

its composition lying between synthetic cymrite and hexacelsian. All samples, when 

completely dehydrated, converged towards a point where the lattice parameters, at 

room temperature, were the same as those for hexacelsian. The similarity in the 

gradients of the curves for the lattice parameter a of the three cymrites at 

temperatures below 250°C suggested that the structure was similar to that of a 

hexacelsian. 
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Fig. 2.11. Variation of lattice parameter a with temperature. Data for synthetic cymrite from 
Pentinghaus and Nitsch (1986). Filled symbols show final lattice parameters determined after cooling 
to room temperature. (Viswanathan et al 1992) 
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Fig. 2.12. Variation of lattice parameter c with temperature. Data for synthetic cymrite from 
Pentinghaus and Nitsch (1986). Filled symbols: final lattice parameters determined after cooling to 
room temperature. (Viswanathan et al 1992) 
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In the stability field of celsian the presence of water could have two contradictory 

effects. It could either act as a catalyst in suppressing the metastable formation of 

hexacelsian, favouring celsian instead, or it could extend the metastability of 

hexacelsian by converting it into hydrated phases (Viswanathan et al 1992). Due to 

the sluggish rates of the reaction in the formation of celsian from hexacelsian, at low 

pressure and temperature the latter effect of the presence of water would be dominant 

and therefore the metastability of hexacelsian would be extended by the formation of 

hydrous phases. This would explain the existence of the low pressure and 

temperature field of metastable cymrite growth as found by Graham et at. This 

readiness to form metastable phases makes the phase diagram more difficult to 

construct experimentally and therefore the stability field of any cymrite phases with a 

smaller water content has yet to be determined. 
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Chapter 3 

Experimental and analytical techniques 
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3.1 Introduction 

The primary objectives of this thesis were outlined in Chapter 1. The initial part of 

the work was to reverse the reaction between sanidine and water to form "sanidine 

hydrate" in the pressure range of 2.0-3.5 GPa and the temperature range of 400-

700°C. Starting materials for these experiments were synthesised at low pressures in 

the cold seal apparatus and at high pressures in the piston-cylinder apparatus. The 

reversal experiments were also conducted in the piston-cylinder apparatus. The run 

products were characterised principally by powder X-ray diffraction. 

The phase "sanidine hydrate" was believed to be hydrous for the reasons outlined at 

the start of Chapter 5. The water content of "sanidine hydrate" was investigated using 

infrared spectroscopy and thermogravimetric analysis in order to determine the type 

and quantity of structural "water" respectively. The thermogravimetric analysis 

produced values that were inconsistent in the high pressure samples. These samples 

may have been contaminated, perhaps with platinum when the samples were 

extracted from their capsules. Hence some attempt to quantify the platinum 

contamination was made using atomic absorption. The techniques of infrared 

spectroscopy were also used at a later stage in the examination of the water content 

of samples of synthetic sanidines and some natural feldspars from the Klokken 

layered syenites from South Greenland. 

This chapter describes the methods employed in these experimental and analytical 

techniques 

3.2 Starting materials for high pressure experiments 

A supply of KA1Si308  gel, generously donated by Dr D.L. Hamilton of the 

University of Manchester, was used for the synthesis experiments. The reasons for 

using a gel rather than a sintered oxide mix were that a gel was more homogenous 

and its grain size was approximately ten times smaller than a sintered oxide (Odling 

pers. comm.). This meant that a gel was more reactive and hence less likely to cause 

kinetic problems. The temperatures at which these experiments were performed were 

low (less than 700°C) and therefore using a gel was less likely to cause problems of 

metastability or an incomplete reaction. A glass starting material would have been 

hard to produce as potassium is easily lost in the process. It was important that the 

gel reacted completely to synthesise sanidine or "sanidine hydrate", since, when the 
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two were mixed together in order to create a starting material for the reversal 

experiments, it was assumed that they were wholly crystalline. 

Once the sanidine and the 'sanidine hydrate" had been synthesised from the gel, they 

were carefully weighed and mixed together in the proportions 40.1% "sanidine 

hydrate" to 59.9% sanidine. This mixture was named PTmix. A summary of the 

synthesis experiments and the proportions in which the sanidine and "sanidine 

hydrate" were mixed is included in Section 4.2. 

In addition to the KA1Si308  gel in synthesis experiments and the sanidine-"sanidine 

hydrate" mix in reversal experiments, all runs also contained between 6.07 and 9.0 

wt% of double deionised and distilled water. 

3.3 High pressure experiments using the piston cylinder apparatus 

The experiments used to synthesise "sanidine hydrate" and sanidine above 1.0 GPa 

and to determine the position of the reversal reaction between sanidine and water and 

"sanidine hydrate" were all conducted in the piston cylinder apparatus. 

3.3.1 Capsule design 

All high pressure experiments used capsules to contain the sample. These capsules 

were of similar design and varying sizes. Synthesis of "sanidine hydrate", in the 

piston cylinder apparatus, was carried out using capsules of 4 mm outside diameter 

and 0.1 mm wall thickness in order to make a large quantity of "sanidine hydrate" for 

reversal experiments, in fewer experiments. Reversals were carried out in capsules of 

3 mm outside diameter as this required less starting material but still produced 

enough material at the end of the experiment for characterisation by powder X-ray 

diffraction and subsequent investigation with infrared spectroscopy and 

thermogravimetric analysis. 

Lengths were cut from 3 and 4 mm platinum tubing in order to make the capsules. 

The 4 mm capsules required lengths of 11-12 mm of platinum tubing. The 3 mm 

capsules for reversal experiments required only 9-10 mm of tubing as the starting 

mixture was much denser than the gel used in the 4 mm capsules and so a smaller 

volume of mixture was sufficient, and the capsule capacity could likewise be 

reduced. 
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The platinum tubing was sealed at one end using an electric arc welder. This half 

sealed capsule was then squashed into the shape of a flat bottomed bucket using a die 

clamped in a vice. The deionised, distilled water was first placed in the bottom, with 

the use of a syringe, and then the starting material was loaded on top leaving a gap of 

more than 3 mm above for ease of sealing the capsule. The quantity of water was 

always between 6.07 and 9 wt% (6.07 wt% being the amount of water required to 

make n = 1 in the formula KA1S1308.nH20) In the barium analogue, cymrite, the 

maximum amount of water was one molecule per formula unit. In all synthesis and 

reversal experiments described in the next chapter there was always free water 

remaining at the end of the experiment and hence 6.07 wt% was thought to be a 

sufficient quantity to saturate the system. However, too much water was not desirable 

as it was possible that, with a large excess of water, a significant amount of the 

starting material would dissolve incongruently in the vapour phase (see Section 8.6, 

Stern and Wyllie 1981). 

The second end of the platinum tubing was then crimped, welded and pressed flat in 

a pin press. The capsule was tested for leakages by leaving it in an oven at 110°C 

overnight. Then, if any weight were lost, the capsule was discarded and the starting 

material extracted and dried to be reused again. A diagram of the capsule design is 

shown in Figure 3.1. 

3.3.2 Cell design 

The design of the cell used in the piston cylinder experiments is shown in Figure 3.2. 

The platinum capsule containing the sample was held within the centre of a graphite 

furnace using hot pressed boron nitride (i.e. BN with B203  as a binder) pieces as 

spacers. The sleeve around the capsule was thicker for the 3 mm diameter capsules. 

Any hollows in the walls -of the capsule were carefully packed with boron nitride 

powder. Boron nitride was used as a pressure medium as it is almost frictionless with 

a fluid-like behaviour at the experimental pressures and temperatures of this study 

(Odling pers. comm. see Section 3.3.4). The capsule was placed with the thinner 

crimp (the first end) on the top so that the distance between the sample and the 

thermocouple bead was minimised in order to help reduce any potential problems of 

thermal gradient (see Section 3.3.5). 
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Fig. 3.1. The design of the capsules used in the piston cylinder experiments. 
The diameter of capsule was 4 mm for synthesis experiments and 3 mm for reversal experiments 
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Fig. 3.2. The design of the cell used in the piston cylinder experiments. 
The diameter of the cell was 12.7 mm. 
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A disc of crushable alumina, approximately 0.9 mm thick, was placed on top of the 

capsule. This was introduced to prevent the thermocouple from punching down 

through the capsule when the pressure was raised. The thermocouple was made of 

platinum/rhodium wire within a 2-bore alundum thermocouple sheath. 

Soft-fired synthetic pyrophyllite (A14[Si8022](OH)4) held the thermocouple in 

position in the top of the furnace. This was used because it clamped the thermocouple 

when the pressure was raised and helped to prevent it extruding upwards away from 

the capsule and hence measuring a temperature lower than that of the hot-spot of the 

furnace. During this series of experiments a new batch of pyrophyllite thermocouple 

positioners was acquired by the laboratory. It was found that the new batch of soft 

fired pyrophyllite was strongly contaminated with titanium and iron (see section 

3.3.6). However, in these experiments the contaminated pyrophyllite did not seem to 

have the effect of poisoning the thermocouple and thus altering the temperature 

reading, presumably because of the low temperature of the experiments. A short 

length of boron nitride sleeve was added as an extra precaution to all of the reversal 

experiments where the temperature reading was crucial. It was hoped that this would 

prevent any of the iron or titanium from touching the thermocouple but would not be 

too weak to allow the thermocouple to shear. The length of the boron nitride sleeve 

used was approximately 1 mm. 

Surrounding the graphite furnace was a sleeve of NaCl which, like the BN, should 

act as a frictionless pressure medium. The salt sleeves were made by pressing finely 

ground Analar salt in a die with a few drops of water. They were then machined to 

the correct length and indented at each end this allowing a brass ring to be inserted in 

the top in order to increase the conducting surface of the graphite furnace against the 

steel top piece above. At the bottom end the salt was made slightly longer than the 

graphite furnace (1.5 mm) to allow for the extra compressibility of the salt. A steel 

ring was inserted which was designed to slide up the outside of the graphite furnace 

and so prevent the salt compressing into the gap at the bottom of the furnace. 

Surrounding the salt was a thin sheet of lead lubricated with molybdenum sulphide 

(MoS2) grease in order to reduce the friction between the cell and the bomb walls and 

also prevent the salt from dyking into the tungsten carbide. 

On top of the cell, and separating it from the top plate, was a sleeve of soft steel 

around the thermocouple. This, in turn, was surrounded by a sleeve of soft fired 

pyrophyllite, which was also well lubricated with MoS2  grease. Around the top of the 
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thermocouple was a hardened steel cone which prevented the soft steel dyking up the 

bore in the tungsten carbide of the top piece 

The dimensions of all of the parts of the cell were measured both before and after the 

experiment so that the causes of any failures could be more readily identified. 

3.3.3 Piston cylinder apparatus 

The cell was loaded into the piston cylinder apparatus as shown in cross section in 

Figure 3.3. 

A confining load of 150 tonnes was applied using the large ram. The pressure of the 

small ram was then gradually raised, thus applying pressure via the piston to the cell, 

up to approximately the pressure required during the run. The press was then left for 

a minimum of two hours in order for it to settle and allow the void space within the 

cell to compact. During this time the pressure usually dropped by up to 0.15 GPa. 

The temperature was raised by passing an electric current through the graphite 

furnace and measured using a Pt/Pt87Rh13  thermocouple. As the temperature 

increased, the salt expanded and hence the pressure increased. During the heating 

process the pressure usually increased to 0.05 GPa above the run pressure. The 

pressure was then bled off, by approximately 0. 15 GPa, several times during the first 

hour or so of the experiment until the system stabilised. After that the pressure only 

needed adjusting up or down slightly during the longer experiments when the 

temperature in the room fluctuated or as small leakages lowered the pressure. A 

record of the e.m.f., pressure, temperature and power values was kept at frequent 

intervals throughout each experiment. 

The experiments were quenched by switching off the power. The temperature 

decreased to less than 100°C in a few seconds. The apparent pressure dropped by 

approximately 10% with the temperature and was then lowered to zero by gently 

bleeding off the oil. 

The procedure described above, which brought the sample up to pressure and 

temperature, probably produced a "piston-out" technique because the salt expanded. 

However, the exact position of the piston remained uncertain. In some of the longer 

runs the pressure fell slightly due to leakages or a drop in the ambient temperature 

which may have resulted in "piston-in" conditions. The position of the piston during 

the run was therefore unconstrained. In theory this was not too important provided no 

pressure correction was required during the run (see next section) 
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Fig. 3.3. A sketch cross section of the piston cylinder apparatus. Shaded parts were 

made from tungsten carbide. Diameter of bomb was approximately 250 mm. 
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3.3.4 Pressure measurement 

The applied pressure was measured using an oil-filled Heise gauge. However, there, 

were problems with the piston-cylinder apparatus in determining whether this was 

the true pressure on the sample. This could only properly be solved by calibrating the 

cell used in the pressure-temperature range of the experiments against a well 

constrained reaction. 

The problems which affected the accurate estimation of pressure were friction, the 

shear strengths of the pressure media used within the cell and perhaps deformation of 

the apparatus at high pressures, which may cause an increase in the friction. In these 

experiments the general effects of friction were minimised as far as possible. The 

chamber walls were hard and smooth and well lubricated with MoS2  grease. The salt 

cell was also lined with lead foil which would also act as a lubricant. 

A cell assembly with salt parts on both the inside and outside of the graphite furnace 

has been calibrated by various authors (Bohlen 1984, Mirwald et al 1975) and one 

with salt on the inside and CsCl on the outside of the furnace by Bose and Ganguly 

(1995). These calibrations have been made against the melting of alkali halides and 

metals. Alkali halides are not ideal for pressure calibration as the melting point varies 

considerably with temperature. However, the melting of alkali halides can at least be 

measured using the gas bomb apparatus for comparison. Bohlen (1984) carried out 

experiments using platinum spheres which fell to the bottom of the capsule as the 

alkali halide material melted. He discovered that a 25.4 mm diameter salt cell 

required no pressure correction in the range 0.5 to 2.0 GPa. The data of Mirwald et al 

(1975) on the melting of Liçl showed that no pressure correction was required for a 

12.7 mm cell when compared to the values determined by Clark (1959) for the 

melting of LiCI. However, Bohlen (1984) found that Clark's values were too low, by 

10 - 15°C, and so a pressure correction would also be required for Mirwald et al's 

data of 0.04 to 0.06 GPa, i.e. the true pressure experienced by the sample was 0.04 to 

0.06 GPa lower than the measured pressure. Mirwald et al (1975) also studied the 

melting of Cu, Ag and Au on compression and decompression strokes and 

discovered that the friction decreased with time until it appeared to be negligible on 

the second compression stroke. Bose and Ganguly (1995) calibrated their piston 

cylinder apparatus for both a 19 mm and a 12.7 mm cell diameter in two ways. 

Firstly they investigated the hysteresis loop of the relationship between apparent 

("nominal") pressure and the piston displacement measured with an "on-line digital 

pressure transducer". The hysteresis loop shows the decay of friction with time. After 

approximately 30 hours, also on the second compression stroke, the friction was 

34 



reduced to being negligible and hence no pressure correction would be required as 

the "nominal" pressure would be equal to the true sample pressure. Their second 

calibration of the piston-cylinder apparatus was from differential thermal analysis of 

the melting point of LiCI. With this method they found that no pressure correction 

was required for either of their cells when compared with Clarke's (1959) data with 

an increase 10°C added to the position of the curve, as was suggested by Bohlen 

(1984), if the experiments were run for over 30 hours. 

In all of the calibration experiments for previous work described above, salt or CsCl 

was used to surround the furnace with NaCl on the inside of the furnace. In the 

present experiments boron nitride was used to support the capsule in the centre of the 

furnace. This may have produced an "anvil" effect (Bell, Mayo and England 1971) 

where the difference between the shear strengths of the different components of the 

cell would have resulted in an uneven distribution of the load. The individual 

components of the cell, however, are all thought to be weak. The graphite furnace 

was thought to be incapable of supporting a significant load as the furnace would 

break if it was too long (Carrington 1993). Boron nitride was also thought to be weak 

under any experimental pressure and temperature (Odling pers. comm.). In an 

experiment of Odling's, boron nitride was found to intrude up the thermocouple bore 

when pressure was applied and before the temperature was raised. Hence the boron 

nitride was taken to have no shear strength at any experimental pressure and 

temperature. Therefore any pressure correction is perhaps most likely to be due to the 

deformation of the apparatus itself at high pressure. 

The pressure correction was measured by calibration against the quartz-coesite 

reaction, which was thought to be well constrained at the time the calibration 

experiments were carried out. Bohlen and Boettcher (1982) precisely determined this 

reaction using a 25.4 mm diameter salt cell which should have required no pressure 

correction. Their results are plotted in Figure 3.4. The use of quartz-coesite as a 

calibration reaction for piston cylinder experiments required a reliance on results 

which were also measured on a piston cylinder apparatus, and thus circular reasoning 

was involved. However, the original work by Bohlen and Boettcher was performed 

using a cell which had been calibrated against the melting of CsC1, LiCI and NaCl 

using the method of sinking platinum spheres. Therefore it was not unreasonable to 

calibrate the cell assembly, in this instance, against their position for the quartz-

coesite reaction. The work of Bose and Ganguly (1995) casts serious doubts on the 

reliability of Bohlen and Boettcher's data. Bose and Ganguly measured the position 

of the quartz-coesite reaction using their piston cylinder apparatus which had been 
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calibrated, as described above, by its friction decay in the hysteresis loop and by 

differential thermal analysis of the melting of LiCI. They found that the quartz-

coesite reaction was parallel to that determined by Bohlen and Boettcher but 0.15 

GPa higher. Their results are shown by the dot-dash line in Figure 3.4. The reason for 

the discrepancy between these two sets of results was not understood by Bose and 

Ganguly. For this study all the pressures have been calibrated to those of Bohlen and 

Boettcher. 

The results of the pressure calibration experiments are tabulated in Table 3.1. All the 

calibration experiments were carried out on the same press B in the laboratory at 

Edinburgh University, as were all the experiments in the rest of this study, which 

required accurate knowledge of the pressure, rather than on the other press A. The 

starting material used for the reversal experiments on the quartz - coesite reaction 

was a mixture (PTQCmix) of 70 % quartz synthesised at 0.1 GPa and 750°C and 30 

% coesite synthesised at 3.0 GPa and 550°C. Ten different aliquots of the starting 

material were scanned using powder X-ray diffraction prior to the reversal 

experiments. Two large peaks from the powder X-ray diffraction trace were chosen 

for calibration, one representing quartz and the other coesite, and their average peak 

height measured. After experiments were completed, the run products were scanned 

repeatedly and their traces compared for peak heights with those of the starting 

material. A relative change in peak heights of quartz and coesite indicated to which 

side of the equilibrium position of the reaction the samples had been at the pressure, 

temperature conditions of the experiments. The method and criteria used for the 

estimation of the relative change in peak heights were similar to those used for the 

reversal experiments of the reaction between sanidine and water to form "sanidine 

hydrate". 

The results of the bracketing experiments are plotted in Figure 3.4. The position of 

the reaction determined by Bohlen and Boettcher (1982) is shown as a dashed line 

and that of Bose and Ganguly (1995) as a dot-dash line. At high pressures and 

temperatures a slight pressure correction is required. However, a straight regression 

line fitted through the brackets would result in a negative pressure correction at low 

pressures and temperatures, which would seem an unlikely requirement. Hence a 

curve was drawn through the brackets at higher pressures which became almost 

coincident with Bohlen and Boettcher's line at lower pressures. If the pressure were 

corrected to the data of Bose and Ganguly the observed pressure would need to be 

increased in order to calculate the true pressure. A negative pressure correction 
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would be harder to explain than a positive one which could perhaps be caused by the 

deformation of the apparatus at high pressures increasing the friction. 

Table 3.1. Results of reversal experiments on the phase change of quartz to coesite measured in the 
piston cylinder apparatus B 

Run P 1 H20 Length Type* Starting Results*** 

GPa °C wt % hours materials** 

84 2.68 700 5.1 53 Pc PTQCmix qtz 

85 2.72 700 5.2 96 pc PTQCmix qtz 

86 2.76 700 5.6 47 pc PTQCmix no change 

87 2.78 700 5.3 72 pc PTQCmix 95% coes 

88 2.64 500 5.6 152 Pc PTQCmix no change 

89 2.68 500 4.9 312 Pc PTQCmix 55% coes 

90 2.96 900 11.0 48 Pc PTQCmix qtz 

91 3.05 900 6.3 54 pc PTQCmix 95% coes 

92 2.62 600 7.5 288 pc PTQCmix qtz 

Notes: * 	pc = piston cylinder apparatus, R = reversal experiment 
PTQCmix = mixture of 30% coesite and 70% quartz 
coes = coesite, qtz = quartz 
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Fig. 3.4. A pressure, temperature graph to show the results of the bracketing reversal experiments for 
quartz-coesite. The position of the reaction measured by Bohlen and Boettcher (1982) (dashed line) is 
taken to be the true pressure of the reaction. Therefore the pressure correction is the difference 
between the best fit curve through the brackets and the true pressure. 
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If the pressure determined by these experiments (Pb)  for the reaction is then plotted 

against the true pressure (Pte)  which is taken to be Bohlen and Boettche?s value 

(Fig. 3.5) then a function can be established to describe this pressure correction. The 

best fit quadratic functions were found using a curve fitting programme in the 

software package Cricketgraph. 
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Fig. 3.5. Graph showing the observed pressure plotted against true pressure for the phase change of 
quartz to coesite. The observed pressure of reaction curve can be described with a quadratic equation 
and hence a correction function is found. 

The true pressure can therefore be calculated using 

Ptrue= - 2.2429 + 2.8906Pobs - 0397 obs2  

where: Ptrue = Corrected pressure (GPa), 

= Pressure measured in apparatus (GPa). 

Alternatively 

Pobs = 3.7210 - 2.133OPtrue  + 0.6571Ptme2. 
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Therefore the pressure correction (P0)  is 

'corr = 'jobs - Pu'je, 

= 3.7210 - 3.133OPtpje  + 0.6571Ptnie2. 

Henceforth all pressures quoted will have been corrected with the use of this 

function. A few of the synthesis experiments were not performed on Press B and if 

the pressure correction required is due to deformation of the rig then it is quite 

probable that Press A would behave differently. However, since an accurate 

knowledge of the pressure was not so critical to these synthesis experiments the same 

pressure correction was used for both presses. The error in estimation of the pressure, 

once the correction has been applied, was within ± 0.05 GPa. 

3.3.5 Temperature measurement 

The temperature within the cell was measured with precision to ± 1°C using a 

PtfPt87Rh13  thermocouple junction referenced against a "cold junction" maintained at 

0°C in an ice-water bath. The temperature was automatically controlled to within ± 

2°C using a Eurotherm controller. The effect of pressure on the temperature reading 

was unquantifiable and presumed negligible, although this was obviously an 

additional uncertainty. 

The most important factor to affect the temperature reading was the thermal gradient. 

The temperature was highest within the central part of the graphite furnace and 

dropped both radially and along the length of the furnace. Odling (pers. comm) has 

measured the temperature gradient within the furnace. His experiment was designed 

to look at the thermal gradient for a longer capsule at higher temperatures and using a 

talc/boron nitride cell. However the results are still of some interest. The talc cell 

should have made little difference and the thermal gradient in lower temperature 

experiments should be less than in the higher temperature experiments. His results 

are shown in .Figure 3.6. The temperature at either end of the furnace was fixed at 

approximately 200°C by the flow of cooling water. Thus the inferred lines shown in 

Figure 3.6 would probably be lower than the true temperature over the region of the 

capsule as the true temperature would probably be a convex (up temperature) curve 

passing through these points in order to reach 200°C, without requiring more than 

one inflection point, by the ends of the furnace. In the lowest temperature case, at 
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840°C, shown in Figure 3.6 the temperature gradient over a sample 4 mm from the 

thermocouple bead would be ± 10°C 

The effects of the thermal gradient were minimised in the experiments of this project 

in three ways: 

the capsule was placed in the central part of the furnace. 

the length of the capsule was always less than 5 mm which should restrict the 

thermal gradient across it to being less than 5°C. 

the capsule was always loaded with the thinner crimp (the first one) at the 

top so that the distance between the thermocouple bead and the sample was 

always at a minimum. 

Therefore, assuming that there was no contamination (see next section), the 

temperature of the sample would be within ± 10°C of the temperature reading. 
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Fig. 3.6. Thermal gradients measured with a triple thermocouple in a graphite furnace within a 
talclBN cell. A capsule is shown drawn to scale for comparison. Odling (pers. comm.) 
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3.3.6 Thermocouple contamination 

During the initial synthesis runs a new batch of soft-fired pyrophyllite 

(A14[Si8022](OH)4) thermocouple holders was used. It was found in some runs 

(Odling, Thomas pers. comm.) that the temperature readings became unstable and 

that during an experiment the power required to maintain the same temperature 

reading could be increased by up to 10%. This implied that something was happening 

to the thermocouple that affected its accurate measurement. The most likely 

explanation was that as the power was increased so the true temperature of the 

sample rose also. On examination of the thermocouple beads, using the electron 

microprobe, it was found that they were becoming contaminated with iron. The 

source of the iron contamination was from the pyrophyllite pieces which were found 

to contain other phases rich in iron or titanium. This is clearly shown in Figure 3.7. 

Figure 3.7 is an electron back scattered image from one of the current experiments 

showing the edge of the thermocouple bead (top left) and the soft fired pyrophyllite 

with patches very rich in iron and titanium, which was determined using an Energy 

Dispersive Spectrometer. In the experiments described in this work the temperature 

and power readings remained stable implying that contamination did not occur. 

When the thermocouple bead was analysed, also using Energy Dispersive 

spectroscopy, even where the bead seemed to be in contact with the iron rich patches 

(Fig. 3.7), no contamination appeared to exist. The lack of apparent contamination 

effects in these runs may well have been due to the lower temperature conditions of 

the experiments compared with those of Odling and Thomas. All of these 

experiments were at less than 600°C, whereas the ones performed by Odling and 

Thomas were at temperatures in excess of 1000°C. Above 600°C there may be some 

process which causes the mobilisation of iron in pyrophyllite. 

The problems of thermocouple contamination were encountered during the synthesis 

experiments where the accuracy of the temperature readings was not so important. 

Therefore, although there appeared to be no discrepancies, when the reversal 

experiments were performed, a short sleeve of boron nitride was introduced into the 

cell to ensure that the temperature reading was accurate. This sleeve was used to 

isolate the thermocouple bead from the soft-fired pyrophyllite. However its length 

was restricted as boron nitride is not capable of supporting the thermocouple at 

experimental pressure and temperature and would allow it to shear (Odling pers. 

comm.). Thus the boron nitride sleeve was always less than 1 mm long in these 

experiments. 
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3.4 Low pressure experiments in the cold-seal apparatus 

Synthesis of sanidine, for use as part of the mixture used in the reversal experiments, 

was carried out in the cold-seal apparatus at 0.1 GPa and 750°C 

3.4.1 Capsule design 

The capsules were made from 4 mm diameter and 0.07 mm wall thickness platinum 

tubing cut into lengths of approximately 30 to 40 mm. The first end was crimped 

with a three cornered crimp and welded. The capsule was filled with KA1Si308  gel 

and approximately 2-3 wt% of double deionised and distilled water. The second end 

was crimped and welded in the same orientation as the first end so that the length of 

the capsule could be lightly corrugated. This corrugation helped to prevent the 

capsule from buckling inside the cold-seal bomb which would have made it hard to 

remove later. The capsule was compressed in a water press before use. 

3.4.2 Cold-seal apparatus 

Figure 3.8 shows the design of the externally heated "Tuttle" cold seal vessels. The 

capsule was held at the top of the bomb by a filler rod. The pressure medium used 

was argon gas which was pumped into the bomb at the base through the "olive" seal. 

The pressure lines for the apparatus are shown in Figure 3.9 The bomb was 

pressurised prior to heating. The temperature of the external furnace was raised 

slowly by increasing the set point on a Eurotherm controller. This set the temperature 

in the controlling thermocouple which was connected to the inside of the furnace. 

Upon reaching the set temperature within the furnace, the pressure was adjusted to its 

correct value and both the pressure and temperature were monitored throughout the 

run. 

To quench the experiment the power source for the furnace was switched off, the 

furnace raised and a jet of compressed air over the bomb was used to bring the 

temperature down to room temperature in approximately 10 minutes. After the 

temperature was lowered, the pressure was bled off and the bomb taken apart. 

3.4.3 Pressure measurement 

The pressure was measured using a factory-calibrated Heise gauge which was 

accurate to ± 3.0 x 10 GPa (Welch 1987). 
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Fig. 3.8. A sketch cross section of the cold seal apparatus used for low pressure experiments. Outside 

diameter of furnace was approximately 250 mm. 

3.4.4 Temperature measurement 

The thermocouple within the bomb was used to take a precise reading of the 

temperature by comparing the e.m.f. of the measuring thermocouple with that of a 

standardised cadmium cell using a Pye potentiometer 

The error in the temperature was taken as ± 5°C, this being a combination of the 

measurement accuracy of ± 3°C (Ford 1972) and the fluctuations in the temperature 

of the experiment of ± 2°C. The thermal gradient in the cold seal apparatus was 

measured by Welch (1987) (Fig. 3.10). This showed that the variation in temperature 

over a 30 to 40 mm capsule would be less than 5°C 
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3.5 Examination of run products 

3.5.1 Test for capsule failure 

After experiments were completed the capsules were removed carefully and the 

changes in dimensions of all the pieces were recorded. Any adhering material was 

removed with a scalpel or needle. The capsule was then examined carefully for 

leakages and weighed. It was then pierced with a scalpel. If water escaped or if the 

capsule lost weight after heating to 110°C for a few hours it indicated that the 

capsule had remained intact throughout the experiment. The total weight loss was 

then noted, as this gave some indication of the direction of reaction depending on 

whether the amount of free water increased or decreased. 

Retention of water is considered to be a reasonable indication that the capsule 

remained intact throughout the duration of the reaction. However, Randle (1994) 

showed that it is possible for a capsule to leak and reseal itself. Many of her 

experiments showed severe contamination with boron. This quantity of boron was 

thought to be too large to have just diffused through the capsule walls. However, in 

most of these runs the water had not escaped. Part of the problem may have been due 

to the capsule design used. Within that capsule was a solid olivine bucket which may 

have damaged the capsule during the run. The capsules used in this work were more 

simple with no solid inner parts 

Two of the early synthesis experiments (runs I and 2) were tested for boron using 

Secondary Ion Mass Spectrometry as boron is not detectable with an electron 

microprobe. Neither of them showed any boron contamination. There was only a 

trace of boron (36 ppm) throughout both samples. This was probably a slight 

impurity in the starting material. In the samples of Randle (1994) the quantities of 

boron ranged from 100 to 100,000 ppm and the samples were therefore more 

strongly contaminated. 

3.5.2 Extraction and Preparation 

The capsules were opened with a scalpel and the sample scraped out. Samples were 

usually powdery and the piston cylinder run products were slightly grey in colour. 

The sample was ground under acetone in an agate mortar for about 10 minutes and a 

drop of acetone containing some of the sample was pipetted onto a round glass slide 

for mounting in the powder X-ray diffractometer 

A few crystals were also mounted on a glass slide using a suitable refractive index oil 

so that they could be examined optically. 
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3.5.3 Identification of phases 

The phases present were examined optically but their small grain size made it 

difficult to identify the two main phases of sanidine and "sanidine hydrate" as they 

both appeared to be similar. Occasionally, in some of the slightly larger crystals, it 

was possible to distinguish between the hexagonal "sanidine hydrate" with straight 

extinction and the monoclinic/triclinic sanidine with inclined extinction. Coesite, 

although not as abundant, was much easier to identify owing to its high relief. 

Powder X-ray diffraction was a more reliable way of identifying phases. The X-ray 

diffractometer was a Philips PW 1800. The scans used CuKa, and CuKa2  radiations 

of wavelengths 0.154060 and 0.154439 nm with the generator set at 40 kV and 50 

mA. For identification and determination of the reaction direction the scans used had 

a step size of 0.020  and a sample time of 3 secs over an angle range of 2 to 60°. 

In order to identify the direction of reaction in a reversal experiment the powdered 

sanidine and "sanidine hydrate" were scanned firstly using X-ray diffraction 

separately. They were then mixed in an arbitrary proportion of 40.1% "sanidine 

hydrate" to 59.9% sanidine to form the starting material PTmix and re-scanned. Each 

of these scans was repeated at least 9 times with a different sample mount each time. 

Two of the larger peaks on the powder X-ray diffraction pattern that did not interfere 

with any other peaks were chosen, one representing sanidine at 27.58°28, and one 

representing "sanidine hydrate" at 33.58°28. An average peak height from the 9 runs 

was taken for each peak. After the reversal experiment the run product was also 

scanned using powder X-ray diffraction at least 9 times and an average of peak 

heights taken. If the complete reaction to either sanidine or "sanidine hydrate" had 

not occurred then the heights of the two-peaks were compared with the heights of the 

peaks for the starting mixture. If a reaction had occurred then the peak height of one 

phase should have increased whilst the peak height of the other should have 

decreased. However, to be sure the reaction direction was correct, only changes in 

relative peak heights which indicated a change in the proportions of the phases of 

greater than 15% were used. 

The criteria for identifying reaction direction are shown in Figure 3.11. The ratio of 

the heights on the powder X-ray diffraction pattern of the "sanidine hydrate" to 

sanidine peaks in the starting material was 1.5 ± 0.2. From this, the values for the 

separate components before the mix was made up and assuming that the mix 

involved no interaction between the two components, a series of rough curves of the 
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ratio of the intensity of the "sanidine hydrate" to sanidine peaks against the 

concentration of "sanidine hydrate" could be calculated. Therefore, a good indication 

of a reaction to form "sanidine hydrate" was taken to be that when the intensity of the 

"sanidine hydrate" peak divided by the intensity of the sanidine peak was greater than 

3.1. A value of less than 0.7 implied that sanidine had been formed in preference to 

"sanidine hydrate". A result lying between 0.7 and 3.1 was not considered good 

enough to show the reaction direction. In this way the equilibrium position of the 

reaction could be determined. 

5 

 

Change in relative intensity of peak heights implying a 
reaction producing more than 15% "sanidine hydrate' 

Insufficient change to 
determine reaction direction 

Starting mixture: 
40% "sanidine hydrate" 

more than 15% sanidine 
	 60% sanidine 

5 10 15 20 25 30 35 40 45 50 55 60 65 
Concentration of "sanidine hydrate" (%) 

Fig. 3.11. A plot to show the criteria used for identifying reaction direction in reversal experiments. 
The thin curved lines are the relative peak heights calculated from the initial peak heights of the 
starting mixture "PTmix". The three lines represent the minimum, maximum and mean values. The 
starting material contained 40% of "sanidine hydrate" and the reaction direction was only considered 
good enough for bracketing the reaction if more than 15% of either phase was produced at the expense 
of the other phase. For example, a value of less than 0.7 for the ratio of peak heights implied that more 
than 15% of sanidine had formed in the experiment. 
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3.6 Infrared spectroscopy 

Infrared spectroscopy can be used to investigate interatomic covalent and partly 

covalent bonds in minerals. These bonds have natural modes of vibration in the 

infrared part of the electromagnetic spectrum at wave numbers between 4000 and 

200 cm-1. Therefore, when infrared radiation is passed through the sample, the bonds 

become excited and the infrared frequencies which correspond to these different 

vibrations are absorbed. For a vibrational mode to be a good absorber of infrared 

radiation it has to undergo a change in dipole moment, i.e. a relative movement in the 

atomic charge centre (Braithwaite, 1990). The fundamental frequencies of particular 

vibrational modes depend upon the masses of the atoms and the nature of the bonds. 

At the detector the radiation transmitted is measured for all frequencies. Where a 

bond has absorbed some of the radiation an absorption peak (or transmission trough) 

is seen, with a frequency characteristic to that bond. 

3.6.1 The effect of infrared radiation on different "water" types 

Infrared spectroscopy is thus a useful technique for determining the speciation of 

"water" in minerals (Ames and Rossman 1984). "Water bearing" minerals are those 

which contain OH groups, some form of H2O or other H-bearing species. There are 

four different states in which "water" can occur within feldspars: 

H20 molecules isolated within the crystalline structure, 

OH groups isolated within the crystalline structure, 

H20 as free surface water 

H2O held within micropores as fluid inclusions 

Other hydrogen defects, such as H or H30, could perhaps occur but their behaviour 

with infrared radiation has not been dOcumented. Section 9.1 summarises some of the 

defects which have been considered by previous authors to explain observations from 

infrared spectra These alternative hydrogen defects are not mentioned by these 

authors. Each of these four types produces a characteristic infrared spectrum as 

described below. 

Figure 3.12 shows the three possible internal vibrations of a water molecule that have 

a frequency in the infrared region of the electromagnetic spectrum. Respectively v1  

and V3 are the symmetric and asymmetric OH stretching vibrations which produce 

vibrations in the 3000 to 3800 cm-1  frequency range, with the symmetric vibration 

occurring at slightly lower frequencies than the asymmetric vibration. The H2O 
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bending vibration, v2, has a frequency in the region of 1600 cm-1. These fundamental 

frequencies produce the highest intensity peaks but the combined vibrational modes 

can also be used for analysis in the near infrared region above 4000 cm-I:  These 

peaks are used for identification of "water" species where there is interference with 

the lower frequency peaks of H20 bending. With a large sample, for instance a single 

crystal, the v2  bending peak is often obscured by interference from vibrations in the 

tetrahedral framework of aluminium-oxygen and silicon-oxygen bonds. 

H20 bending v2  

(= 1600 cm-') 

/ 

symmetric OH stretching v, 

(3500 cm') 

asymmetric OH stretching v3  

(3600 cm-1) 

Fig. 3.12. The three possible internal modes of vibration of a water molecule which can be seen in the 
infrared region of the electromagnetic spectrum. Redrawn from Ames and Rossman (1984) 

Hence, the four "water" types listed above have the following characteristic spectra: 

(1) Those H20 molecules that are isolated within the crystalline structure produce 

three sharp peaks in the infrared absorption spectra. A peak around 1600 cm-' 

confirms the presence of H2O molecules. The OH stretching region between 3300 
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and 3800 cm contains two sharp peaks. The lower frequency peak corresponds to 

symmetrical OH stretching and the higher frequency peak to asymmetric OH 

stretching. If a single crystal is being studied the orientation of the H20 molecule 

can be determined by using polarised infrared radiation. When the incident 

radiation is polarised in the direction of the two-fold symmetry axis of the H2O 

molecule, the vibrations V1  and V2 will produce peaks. Alternatively when the 

incident radiation is polarised perpendicular to this two fold symmetry axis, but is 

still in the plane of the molecule, the vibration v3  will produce a peak. Figure 3.13 

shows the spectrum of gypsum which contains structural H2O 

(2) Obviously OH groups cannot produce a bending vibration and this lack of a 

bending vibration is the primary means of distinguishing OH groups from H2O 

molecules. In addition, in the OH stretching region only a single peak should 

occur on the infrared trace. Figure 3.13 also shows the theoretical spectrum of a 

phlogopite containing only structural OH. 

0 

0.5 

1.0 

4000 	3500 	3000 	2500 	2000 	1500 

Wavenumbers (cm') 

Fig. 3.13. The solid line shows the spectrum of gypsum Ca2SO4.2H20 (redrawn from Ames and 
Rossman, 1984). Gypsum contains structural H20 and so shows three peaks in the infrared trace, two 
between 3400 and 3600 cm-1  corresponding to the two OH stretching vibrations and one at 1620 cm 
as a result of the H20 bending vibration. For comparison, a theoretical spectrum of the end member 
trioctahedral mica, phlogopite, is shown (dashed). Micas contain structural OH and hence only have 
one OH stretching peak in this part of the electromagnetic spectrum. Most natural micas have more 
than one peak in this region because the frequency of the OH stretching peak will vary depending 
upon the attraction of its nearest neighbour atom. In phlogopite the nearest neighbour is always 
magnesium and so only one peak will be produced. 
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(3) & (4) The H20 molecules occurring either as free surface water or as groups of 

molecules held within a fluid inclusion should produce a bending peak in the 1600 

cm-' region as shown in Figure 3.14. However, unlike isolated H20 molecules in 

the crystalline structure, in the OH stretching region a single broad hump is seen 

in the infrared spectrum. Hydrogen bonding between water molecules has the 

effect of broadening the two OH stretching peaks into this one hump. The lack of 

a modulating silicate lattice to hold the H2O molecules allows the frequencies of 

the OH stretching vibrations to be displaced to lower values than is seen with 

4000 	. 3500 	3000 	2500 	2000 	1500 

Wavenuinbers (cm) 

Fig. 3.14. The solid line is the infrared absorption spectrum of a thin film (1im thick) of water held 
between two glass slides showing the overlapping OH stretching modes near 3400 cm-1  and the 
bending mode near 1630 cm* For comparison the spectrum of the same thickness of ice at 78K is 
shown which contains an extra peak near 3200 cm- '. Redrawn from Ames and Rossman (1985) 

Liquid water can be further distinguished from crystallographic water by cooling the 

sample to 78K with liquid nitrogen. Fig. 3.14 shows the difference in the spectra 

between water and ice. Ice produces an extra peak at 3200 cm-1  and so the presence 

of this additional peak, when the sample is frozen, shows that the sample contains 

free water unconnected to any of the surrounding structure. At 78K water in fluid 

inclusions should show an extra peak at 3200 cm' whereas structural "water" should 

not. However, it is possible to get large variations in the size of fluid inclusions with 

the smallest of these containing only a few molecules. If an inclusion contains fewer 

than of the order of 1000 molecules, molecular interactions may prevent the 

formation of ice even at the temperature of liquid nitrogen (78K). 
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3.6.2 Methods of infrared spectroscopy 

The instrument bench used was a Nicolet 510P Fourier Transform Infrared (FTIR) 

spectrophotometer with a Nicolet Nicplan microscope attachment. A helium/neon 

laser was used which measured between 5800 cm and 200 cm-1  with a KBr beam 

splitter and a CsI detector. Each spectrum was measured using 128 scans at a 

resolution of 2 cm-1. Three methods of infrared spectroscopy were used at different 

stages in the research. The three methods used were of transmission through a 

potassium bromide disc, diffuse reflectance off the surface of a crystal or powder and 

transmission through a single crystal with the aid of the Nicplan microscope. 

a) Potassium bromide disc method 

Powdered samples were, mixed with potassium bromide (KBr) 'and pressed into a 

disc. Potassium bromide was used as it is transparent to infrared radiation down to 

400 cm-1. One problem with potassium bromide which is particularly inconvenient 

for studies of water speciation is that it is hygroscopic. Therefore during sample 

preparation every precaution was taken to minimise the amount of water absorbed by 

the potassium bromide. The sample, potassium bromide and pressing die were kept 

in a warmed desiccator and only taken out for as brief a period as possible in order to 

mix the sample with the potassium bromide and then to press the disc. The samples 

and the reference blank sample were made using a standard method which involved 

equivalent durations of exposure to atmospheric water. 

The bench was purged with clean dry carbon dioxide for approximately five minutes 

to remove the effects of atmospheric water. A reference blank sample containing 

only potassium bromide was prepared and the spectrum of every sample had this 

standard spectrum automatically subtracted from it. This procedure removed any 

effects of the potassium bromide background and also minimised the adsorbed 

surface water component of the hygroscopic potassium bromide disc. Frequently the 

automatic subtraction of the background did not remove all of the carbon dioxide 

peaks in the 2500 to 2300 cm-1  range. With the synthetic samples there should be 

very little carbon dioxide present and, if the background was removed manually until 

these peaks disappeared, it generally appeared to reduce the noise level of the 

spectrum. 
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Diffuse reflectance method 

This method measures the radiation reflected off the surface of the samples. Samples 

can be a single crystal, a number of small crystals or a powder. The samples are 

placed in a cup held within a system of mirrors which is fitted into the sample 

chamber within the instrument bench. The background is measured with no sample 

in the chamber and again this background reading is removed automatically from the 

sample spectra. The instrument bench was purged for five minutes before each 

measurement in order to reduce the effect of atmospheric water and carbon dioxide. 

This method is less commonly used than either of the other two methods, but for 

powdered samples it should avoid the slight problem, found with the potassium 

bromide disc method, of the hygroscopic nature of the potassium bromide, however, 

the powdered sample may also adsorb some water. For synthetic samples, which 

were powdered crystals, the microscopic method could not be used and therefore this 

method was the only alternative to the potassium bromide disc method. The other 

advantage to this method, when studying powders, is that it should take an average 

spectrum over a large number of randomly oriented crystals. Spectra measured with 

the microscope vary depending on the orientation of the crystal through which the 

radiation is transmitted. The diffuse reflectance method was therefore used when 

trying to calculate the relative quantities of water in natural samples as well as in 

synthetic ones. This calculation was attempted by normalising the area of the OH 

stretching peaks, when plotted as absorbance, to a peak produced by vibrations of the 

silicate framework. The method produced different results when the areas were 

calculated using the reflectance plots, as illustrated in the figures of this work. 

Previous authors use the area measured using an absorbance method on a microscope 

and so the absorbance values are quoted here. The method did not appear to be very 

successful perhaps because the reference peaks were often partly below the linear 

range of the spectrum (Brian Jackson, pers comm.). The only drawback to this 

diffuse reflectance method is that it tends to produce peaks at 3840 and 3750 cm 

and in the region of 1600 to 1650 cm-1, which are not seen with any of the methods 

and are therefore presumably due to interference of some sort 

Infrared microscopy 

Natural samples of feldspar can be analysed using the Nicplan infrared microscope. 

Crystals have to be approximately 50 p.m in size or more, but thin enough that they 

are transparent to infrared radiation. Crystals can be up to 2 mm or more in diameter 
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if they are relatively clear. Samples need to be cut into thin enough slabs so that 

crystals can be found that fill the entire thickness of the slab. Cutting such a thin slab 

is not easy and therefore larger crystals are easier to study. The polish on both 

surfaces does not need to be too perfect as this reduces the interference of reflected 

radiation. 

In this study the infrared radiation was passed through an aperture of 1 mm in 

diameter. The beam is focused onto the sample using a condenser which results in a 

sampling area of approximately 0. 18 mm in diameter. The effects of variations in the 

water contents of the atmosphere were minimised by covering the sample with a 

hood purged with dry nitrogen. In addition a background spectrum was measured 

with no sample on the stage and then automatically subtracted from each of the 

sample spectra. 

3.7 Thermogravimetric analysis 

Thermogravimetric analysis is one method that can be used to accurately determine 

the percentage of a volatile component within a sample. By this method the sample is 

heated up at a constant rate and the change in weight is measured in comparison to a 

standard. The standard should be of a substance which does not change in weight 

over the entire range of temperature measurement. The graph of results produced 

may show several phases of weight loss which may, in turn, be interpreted as 

different types of volatile loss. The thermograv i metric method of analysis is 

particularly useful for very small aliquots of sample, and so it was used in this 

instance as the run product of the piston cylinder reversal experiments usually only 

produced in the order of approximately 25 mg of sample. 

3.7.1 Thermogravimetric techniques 

The thermogravimetric analysis machine used was a Thermal Analyst 2000, STD 

2690 Simultaneous DTA-DTG (based at the University of St Andrews Chemistry 

Department). The balance was tared with an empty alundum crucible prior to each 

run. An alumina (A1203) reference sample of a similar weight to the sample to be 

measured, i.e. around 10 mg, was placed on an adjacent balance within the machine. 

This was used to compare with the sample throughout the run as pure alumina should 

not change in weight on heating. A finely ground sample of "sanidine hydrate' of 
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approximately 10 mg was placed into the alundum crucible. The equipment was then 

programmed to run up to the desired temperature whilst the weight change was 

recorded throughout. The sample chamber was purged with dry oxygen during the 

run to remove any atmospheric water. The programme used involved holding the 

sample at room temperature for 10 minutes to allow the balance to stabilise before 

steadily ,  heating the sample at a fixed rate of 10°C per minute up to the desired 

temperature. Once this temperature was achieved it was held steadily for a further 10 

minutes before cooling to room temperature again with the use of a fan. The initial 

samples were run up to a temperature of 1200°C. However, once it had been shown 

that there were no significant weight variations above 800°C the samples were only 

run up to this temperature. The remains of samples left after thermogravimetric 

analysis were kept for further investigation (see Sections 5.2 and 6.3). 

After a run was completed, graphs were then plotted to show percentage weight loss 

and the first derivative of weight loss with respect to temperature (i.e. %loss/°C) 

against temperature. 

3.7.2 Errors in thermogravimetric results 

The thermogravimetric results seemed to have variations which were far larger (see 

Section 5.3) than the measurement errors on the equipment should have been and yet 

did not show any systematic trends with pressure, temperature or the duration of the 

experiment. These significant variations were probably due to the nature of the 

samples themselves and not the measuring equipment and yet were unlikely to reflect 

true variations in the percentage water content of the "sanidine hydrate" itself. The 

weight loss in the sample is measured as a percentage weight loss and therefore a 

discrepancy could arise if there was any contamination of the "sanidine hydrate" or 

sanidine with any other phases. 

In these samples there were three possible sources of contamination which could 

account for these difficulties. 

(1) Firstly coesite was a by-product in all of the high pressure experiments. The 

cause and extent of this effect was discussed in Section 4.4. Two of the 

experiments were calibrated approximately for coesite by investigating the 

difference in peak heights, using powder X-ray diffraction, both before and after 

the addition of a known amount of coesite. This showed that the quantity of 

coesite was approximately 3 wt% or less. Samples which were not synthesised in 

the coesite stability field probably would have instead contained similar amounts 
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of quartz. However, these samples were invariably those ones which contained 

sanidine because the quartz-coesite and the sanidine+water-"sanidine hydrate" 

reactions were nearly coincident. Because of interference of the quartz and 

sanidine peaks in the powder X-ray diffraction pattern it was impossible to 

identify the presence of a minor quantity of quartz. So, if there was some quartz 

contamination, its quantity was presumed to be of a similar order of magnitude 

to the coesite and therefore small enough to be ignored. 

A second difficulty arose when the "sanidine hydrate" or sanidine was not 

entirely crystalline. This situation was hard to identify and quantify. The only 

way to observe amorphous material was by inspection under an optical 

microscope where the amorphous material should appear isotropic. But in this 

case the crystal size of the samples was less than a micron in diameter and so the 

birefringence colours of the crystalline material were very low even in 

orientations parallel to the optic axis. In consequence the difference between 

isotropic material and anisotropic material was not always apparent. Since a 

large proportion of each sample was definitely crystalline, it was presumed that 

any remaining material was crystalline but with birefringence colours too low to 

identify. There was no positive evidence for the existence of any amorphous 

material and so it was taken that none was present. 	 - 

The third source of contamination was potentially more serious. Experiments in 

the piston cylinder apparatus required samples to be sealed in platinum capsules. 

The pressures for these runs were so high that by the end of the experiments the 

capsules had shortened considerably resulting in thickening of the platinum 

walls of the capsules by folding. This, coupled with the extremely small size of 

the capsules (3mm by 3mm), made the extraction of the run products difficult. 

Some degree of force was required to open the capsule and remove the contents. 

This invariably caused small flakes of platinum and occasionally pieces of 

scalpel blade to contaminate the sample. Where possible these pieces were 

carefully removed under the microscope with a dampened needle, although, 

inevitably there were always some fragments remaining. The high density of 

platinum compared to that of "sanidine hydrate" means that even a small amount 

of platinum can produce a high percentage weight of the metal within the 

sample. 

The occurrence of platinum contamination was not encountered by Graham et al. 

(1992) as their experiments were performed in gas bombs. The capsules produced for 

their experiments were larger, containing much more material, and were not so 
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severely compressed during the experiment as the capsules removed from the piston 

cylinder apparatus. Thus the samples would be more easily extracted from their 

capsules. 

Atomic absorption (see next section) was used to attempt to quantify the amount of 

platinum in some of these samples produced in the piston cylinder. If successful this 

would make it possible to recalculate the thermogravimetric data to see if the 

platinum contamination was the cause of the discrepancies in the data. 

The three possible impurities discussed should have the same resultant effect on the 

thermogravimetric results. All three contaminants (coesite, non-crystalline material 

and platinum) are anhydrous, so when they are added to "sanidine hydrate" they 

would make the percentage weight loss measured appear lower than if the sample 

was entirely of "sanidine hydrate". Although some attempt was made to determine 

the effect of the concentration of platinum on the sample, the overall effect of these 

impurities could not be entirely quantified. The degree of contamination varied 

between samples and hence no correction could be made. Therefore the percentage 

weight loss measured is a minimum figure and the true value could be higher. 

3.8 Atomic absorption 

The samples remaining after thermogravimetric analysis were analysed, using atomic 

absorption, to determine the quantity of platinum within them. The 

thermogravimetric results could then be recalculated to remove the effect of platinum 

contamination. Atomic absorption is a technique employing the excitation of atoms. 

Changing the energy levels of atoms requires a frequency in the ultraviolet or visible 

parts of the electromagnetic spectrum. Hence when a sample is placed in the path of 

ultraviolet or visible radiation, frequencies are absorbed which depend on the type of 

atoms present and the difference in the energy levels of the excited and normal states. 

The samples must be decomposed and converted into the gaseous elementary 

particles of atoms or ions prior to analysis so that the atomic energy levels are not 

affected by any bonding effects. 

The wavelength at which platinum is best excited is at 265.9nm and therefore the 

source of radiation was set to this wavelength. A solution of the sample dissolved in 

dilute acid was sprayed into a chamber containing an air-acetylene flame which 

should convert the dissolved sample into a gas. The quantity of platinum in the 
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sample was approximately determined by comparing its absorption with that of five 

standard solutions of differing concentrations. However, it was found that the 

platinum absorption peak was depressed by interference. There are two types of 

interference which could cause this. The possibility of the depression of the 

absorbance peak by interference with a species produced by combustion of the flame 

was removed by switching the fuel from air-acetylene to hydrogen. This had no 

effect on the platinum absorption peak height. Therefore the depression of the 

platinum frequency peak must have been caused by chemical interference with other 

atoms in the sample. To overcome this problem a "standard additions" method was 

used. Four aliquot parts of the sample were taken and varying amounts of the 

platinum standard were added to each. This required an estimation of the quantity of 

platinum (as determined before) so as to keep the total concentration of platinum in 

each addition well within the linear portion of the calibration curve at approximately 

0 - 40 ppm. In addition a quantity of lanthanum solution was added as this had the 

effect of reducing the depression of the platinum absorbance peak. This effect may be 

due to the lanthanum reacting preferentially with the species that was interfering with 

the platinum and hence preventing it from causing the platinum peak to be depressed. 

The platinum peak was then larger and so easier to detect at very small 

concentrations. 

If the relationship between absorbance and concentration is linear 

= 	
A 

Cx Cs 
(A —Ar) 

where C5  = concentration of platinum 
As  = absorbance of platinum 
Cx  = concentration of platinum in sample 
Ax  = absorbance of platinum in sample 

Therefore, if A3  is plotted against C3, the resulting straight line can be extrapolated to 

As  = 0 where C -Cs, and hence the concentration of the platinum in the sample can 

be determined. 

3.8.1 Sample preparation and techniques used in atomic absorption 

The entire sample remaining from thermogravimetric analysis (approximately 0.009 

g) was dissolved in 3 ml of aqua regia. The platinum dissolved slowly and so it was 

necessary to maintain the temperature near boiling for some two hours in a covered 

beaker to ensure that dissolution was complete. The excess acid was removed by 
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evaporating to dryness on the steam bath. The resulting residue was dissolved in 0.25 

ml of HC1 and then diluted to 25 ml. 

A standard concentrate was prepared by dissolving 0.22006 g of platinum in 8 ml of 

hot aqua regia. Some of the platinum remained undissolved and this was filtered off 

and weighed. This left 0.21698 g of platinum in solution. The solution was diluted to 

200 ml to give a standard 1084.9 ppm platinum solution. This, in turn, was diluted to 

produce five working standards of between 0 and 100 ppm platinum with HC1 added 

to make the concentration of HC1 in each standard similar to that of the sample. Any 

aqua regia in the aliquots of the concentrated standard was ignored as it was 

relatively low at a maximum of 1/8 ml. 

These five standards and a blank were then run in a SpectAA atomic absorption 

spectrometer in order to draw a graph of absorbance against concentration for the 

platinum frequency being measured. The plot was near linear in the 0 to 40 ppm 

range of platinum concentration. The absorbance for a sample was then compared to 

this graph in order to estimate the amount of platinum in the sample. Unfortunately 

the interference effects, as outlined above, reduced the platinum absorbance and so 

made the quantity of platinum appear less than its true value. Thus it was necessary 

to recalculate the quantity of platinum using a method of standard additions. 

In order to prepare the standard additions solutions, four 4 ml portions of the sample 

solution were pipetted out into separate containers. To one aliquot part of sample 

0.05 ml of 1085 ppm standard solution was added. To the next aliquot part 0.075 ml 

of 1085 ppm standard solution was added and to the third 0.1 ml of 1085 ppm 

standard solution. No standard was added to the fourth aliquot part. The different 

volumes of these solutions were all diluted to 11.1 ml. Thereafter 3 ml of 5% 

lanthanum 25% HCl solution were added to the four solutions. A blank was also 

made up with 11.1 ml of de-ionised water and 3 ml of the 5% lanthanum 25% HC1 

solution. The concentration of platinum in all of these samples was well within the 

linear portion of the calibration curve. Dilution of the aliquot parts was kept as low as 

possible as the concentration of platinum was low. No attempt was made to balance 

the concentration of HC1 in all the solutions but this did not seem to make a 

difference, as a linear calibration on a graph of absorbance against concentration was 

nevertheless obtained. 
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Chapter 4 

Phase equilibrium studies 
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4.1 Introduction 

In order to determine the equilibrium position of the reaction 

KA1Si308  + nH20 = KA1Si308.nH20 

sanidine 	+ water = "sanidine hydrate" 

reversal experiments were performed on a mixture of sanidine and the hydrate phase 

"sanidine hydrate" (KA1S6001120). This chapter describes the synthesis of the 

starting materials, the reversal experiments and synthesis of "sanidine hydrate" and 

sanidine for use in further investigations described in subsequent chapters. During 

the course of these experiments it was found that coesite was a minor component of 

all run products at pressures in the coesite stability field. The quantity of coesite was 

roughly calibrated in some runs in order to establish the severity of the problem. The 

metastable behaviour of "sanidine hydrate" may explain any discrepancy between the 

reversal data found here and Seki and Kennedy's (1964a) synthesis results. 

4.2 Starting materials 

Sanidine was synthesised, as described in Section 3.4, in the cold seal apparatus at 

0.1 GPa and 750°C from a gel of potassium feldspar (KA1S1308) composition. This 

gel was kindly supplied by Dr D.L. Hamilton of the University of Manchester. A 

summary of these synthesis experiments is given in Table 4.1. 

Table 4.1. Synthesis of sanidine for use in reversal experiments 

Run P 	T H20 Length Type Starting 	Results*** 

GPa 	°C 	wt % 	hours 	* 	materials** 

29 0.100 750 	3.01 	144 	cs DLH gel san - only one tiny extra peak 

30 0.100 750 	2.94 	144 	cs DLH gel san only 

37 0.100 750 	3.8 	240 	CS DLH gel san only 

38 0.100. 750 	3.9 	240 	CS DLH gel san only 

39 0.100 750 	3.7 	240 	CS DLH gel san only 

Notes: * Cs = cold seal apparatus 
** DLH gel = gel donated by DL Hamilton of the University of Manchester 
" san = sanidine 
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"Sanidine hydrate" was synthesised from this same gel, donated by Dr D.L. 

Hamilton, at 3.0 GPa and 550°C in the piston cylinder apparatus as described in 

Section 3.3. The experimental conditions for the synthesis of "sanidine hydrate" and 

the results of these experiments are summarised in Table 4.2. The occurrence of 

coesite is discussed in Section 4.4. 

Run products of both sanidine and "sanidine hydrate" were characterised using X-ray 

diffraction. Both minerals showed no extraneous peaks when their patterns were 

compared with those taken from the Joint Committee of Powder Diffraction 

Standards measured by Scheel (1971) for sanidine and Seki and Kennedy for 

"sanidine hydrate". The composition of the minerals could not be ascertained as the 

grain size was too small for microprobe analysis. Identification of the crystals 

optically was not possible also because of the small grain size. 

Table 4.2. Synthesis of "sanidine hydrate for use in reversal experiments 

Run P 

GPa 

T 

°C 

H20 

wt % 

Length 	Type 

hours 	* 

Starting 

materials** 

Results*** 

31 2.867 550 8.88 26 	Pc DLH gel SH + coes only - (< 3% coes) 

33 2.949 650 6.98 25 	Pc DLH gel SH + coes only 

34 2.867 550 7.63 51 	Pc DLH gel SH+ coes only 

35 2.879 550 7.7 44 	pc DLH gel SH + coes 

40 2.855 550 7.5 39.5 	pc DLH gel SH + coes + trace of musc 

41 2.849 550 6.68 26 	pc DLH gel SH + coes + trace of musc 

48 2.891 550 6.33 26 	pc DLH gel SH + traces of coes and ?musc 

Notes: * pc = piston cylinder apparatus 
** DLH gel = gel donated by DL Hamilton of the University of Manchester 

SH = "sanidine hydrate, coes = coesite, musc = muscovite 

A typical X-ray diffraction trace of "sanidine hydrate" is shown in Figure 6.2. These 

phases were difficult to identify optically in experimental run products as their grain 

size was too small. It was even difficult to distinguish crystalline material from 

amorphous material as the birefringence was so low. It was sometimes possible to 

identify traces of coesite in the run products as a result of its high relief. Attempts at 

checking the composition of "sanidine hydrate" using the electron microprobe were 

unsuccessful, again as a result of the extremely small grain size. The electron 

microprobe did show the aluminium to silicon ratio to be correct, but the quantities 

of potassium were lower than expected, perhaps as a result of the mobilisation of the 
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potassium ions by the electron beam. The absolute values obtained by the electron 

microprobe were not useful as the high concentrations of water caused low total 

counts and hence the correction functions did not work properly. 

Once the sanidine and the "sanidine hydrate" had been synthesised from Dr D.L. 

Hamilton's gel, they were carefully weighed and mixed together in the proportions 

40.1% "sanidine hydrate" to 59.9% sanidine. This mixture was referred to as 

"PTmix". The proportions of sanidine and "sanidine hydrate" used in making the 

mixture "PTmix" from all of the different synthesis experiments is summarised in 

Table 4.3. 

Table 4.3. Weights of sanidine and 'sanidine hydrate" used in the manufacture of "PTmix", the 
starting material used for all reversal experiments 

"sanidine hydrate" 	 sanidine 

Run no. weight (g) Run no. weight (g) 

31 0.02209 29 0.04408 

33 0.031485 30 0.04369 

34 0.03168 37 0.070615 

35 0.028275 38 0.063495 

40 0.02783 39 0.088935 

41 0.03217 

48 0.03418 

Total 	 . 0.20771 Total 0.310815 
Total after XRD 0.20638 Total after XRD 0.307956 

Proportion 40.1% Proportion 59.9% 

Total weight of mix (g) 	 0.514336 
Weight remaining after XRD (g) 	0.51080 
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4.3 Reversal experiments 

In order to find the equilibrium position of the reaction between sanidine and 

"sanidine hydrate", reversal experiments were performed at a variety of pressures and 

temperatures on the mixture "PTmix". Reaction directions were determined, as 

described in Section 3.5, by comparing the peak heights of sanidine and " sanidine 

hydrate", in a powder X-ray diffraction pattern, both before and after the experiment. 

This gave an approximate percentage of "sanidine hydrate" in the run product. Only 

reactions which produced more than 15% of either sanidine or "sanidine hydrate" 

were considered good enough indicators of reaction direction to show where the 

position of the equilibrium reaction was. The results of the reversal experiments are 

summarised in Table 4.4. 

Table 4.4. Reversal experiments on the reaction between sanidine and water to form "sanidine 
hydrate" 

Run P 	T H20 Length Type Starting 	Results*** 

GPa 	°C 	wt % hours 	* 	materials** 

49 2.500 550 5.4 24 pcR PTmix san but <10% -coes peaks gone 

50 2.855 550 5.88 24.5 pcR P1'mix only SH with coes 

51 2.000 550 6.36 24 pcR PTmix san only no SH or coes 

52 2.667 550 6.09 25 pcR PTmix 75% SH but still some san + coes 

53 2.300 550 6.43 24 pcR PTmix san only no SH or coes 

54 2.400 550 6.26 24.5 pcR PTmix =20 % SH = mostly san - no coes 

55 2.590 550 7.05 24.5 pcR PTmix =60 % SH but still some san + coes 

56 2.855 650 6.28 24 pcR PTmix SH + coes only 

57 2.500 650 6.35 24.5 pcR PTmix san only - no coesite 

58 2.667 650 6.15 42 pcR PTmix san only - poss. slight trace of coes 

59 2.737 650 6.22 24 pcR PTmix =90% SH but still some san + coes 

60 2.350 450 6.36 168 pcR PTmix =10% SH - mostly san - no coes 

61 2.721 680 6.67 20 pcR PTmix all SH - coesite present 

62 2.696 680 6.38 24 pcR PTmix mostly san but traces of SH + coes 

63 2.450 450 6.67 144 pcR PTmix v. slight shift to SH -trace of coes 

65 2.500 550 6.9 63 pcR PTmix = 20% SH - mostly san - no coes 

68 2.500 450 9.1 168 pcR PTmix+gtz/coes = 55% SH but still some san + coes 

Notes: * pc = piston cylinder apparatus, R = reversal experiment 
** PTmix = mixture of 40.1% sanidine hydrate" and 59.9% sanidine 

SH = "sanidine hydrate', san = sanidine, coes = coesite 
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These experimental results showed the equilibrium position of the reaction for a 

specific temperature to be restricted to lying between four reasonably tight pressure 

brackets. The equilibrium reaction lay between 2.350 GPa and 2.500 GPa at 450°C, 

2.400 GPa and 2.590 GPa at 550°C, 2.667 GPa and 2.737 GPa at 650°C and between 

2.696 GPa and 2.721 GPa at 680°C. The brackets at lower temperatures were much 

broader due to the poorer kinetics of the reaction under these conditions. The 

duration of the experiments at 450°C had to be increased substantially to obtain a 

reaction. The results of these experiments are plotted in Figure 4.1 

If the reaction appears linear when plotted on a pressure versus temperature graph it 

must lie in a position similar to the thick dashed line shown in Figure 4.1. The two 

thick solid lines show the limiting positions between which the reaction must occur. 

However, it is possible that the change in reaction position with pressure and 

temperature is not linear. If the water content of the "sanidine hydrate" varied with 

pressure and temperature then the reaction stoichiometry and the composition of the 

"sanidine hydrate" could change along the equilibrium reaction and the reaction 

surface in the system sanidine - sanidine hydrate" - water would not be planar, 

resulting in a curved line on a pressure, temperature graph. This was found to occur 

in cymrite by Graham et al. (1992) (see section 2.3). Therefore, in order to calculate 

the curvature of the sanidine to "sanidine hydrate" reaction on the pressure-

temperature graph, the variation of the water content with pressure and temperature 

of synthesis needed to be determined. This was attempted using thermogravimetric 

analysis as described in Section 5.3, where samples of "sanidine hydrate" were 

slowly heated to measure the variation of percentage weight loss with temperature. 

This gave an indication of the quantity of H20 in the crystal structure although the 

results were not good enough to show how this quantity varied with pressure and 

temperature (see Section 5.3.1). Therefore the curvature of the reaction, if any, on a 

pressure-temperature graph could not be calculated. 
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Fig. 4.1. Results of the reversal experiments an the reaction between sanidine and water to form 
"sanidine hydrate". The numbers refer to the run numbers as given in Table 4.3. The large arrows 
show the reaction direction when the reaction was not complete. The small arrows show when the 
reaction produced less than 15% of sanidine or "sanidine hydrate" and was considered insufficient to 
determine the reaction direction. The reaction must lie in a position between the two solid lines. A 
possible example of the position is shown by the heavy dashed line. 

4.4 The coesite problem 

As can be seen in Tables 4.2 and 4.4, all of the high-pressure experiments that were 

at a high enough pressure formed coesite in small quantities in addition to the other 

phases present. This could have serious implications affecting the reversal results. It 

is also possible that quartz was a by-product in some of the lower pressure 

experiments. However, quartz would not be apparent in such small quantities in a 

powder X-ray diffraction pattern, when it is in the presence of sanidine, because all 

of the quartz peaks would be hidden by larger sanidine peaks. The quartz-coesite 

boundary is almost coincident with the sanidine-"sanidine hydrate" reaction and 

therefore coesite was only ever found in the presence of "sanidine hydrate". This 

would imply that quartz was actually present in those runs which produced sanidine 

but the quartz could not be observed. 

In order to establish the severity of this problem of the appearance of coesite in the 

higher pressure experiments, the quantity of the coesite in two of the run products 
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(runs 14 and 31) was measured approximately. This was accomplished by adding a 

small amount (<5%) of a known weight of coesite to the run product. This should 

increase the size of the coesite peak in the powder X-ray diffraction pattern. If it is 

assumed that the size of the coesite peak is roughly proportional to the quantity of 

coesite in the sample, by examining the X-ray diffraction pattern, both before and 

after the addition of coesite, the increase in the size of the coesite peak should give an 

indication of the quantity of coesite in the original run product. In both of the 

experiments that were calibrated for coesite, the quantity of coesite was found to be 

small (see Table 4.5). The X-ray diffraction .traces of these two experiments showed 

similarly sized coesite peaks to all of the other experiments and so it was presumed 

that the quantity of coesite was also small in all of the experiments. 

Table 4.5. Experiments to investigate the coesite found in the higher pressure experiments 

Run P T H20 Length Type Starting Results*** 

GPa °C wt % hours * materials' 

13 2.913 550 3.7 68 Pc P3Kl00us san +SH + trace of coes 

14 2.919 550 8.03 69.5 pc P3KI00 SH + trace of coes (1.5%) 

20 0.100 800 2.01 48 cs P3K 100 san + odd peaks possibly Ic + ks 

31 	28.67 550 8.88 	26 	pc 	DLH gel 	SH + coes only - (<3% coes) 

Notes: * pc = piston cylinder apparatus, cs = cold seal apparatus 
** P3K100 = gel synthesised by the author (Appendix A), us = undersaturated with water 

DLH gel = gel donated by DL Hamilton of the University of Manchester 
***SH = "sanidine hydrate', san = sanidine, coes = coesite, Ic = leucite, ks = kalsilite 

The formation of coesite in these experiments is not easily explained. There are, 

however, three possible explanations. 

One possibility was that the gel donated by Dr D.L. Hamilton was not of the correct 

composition (KA1Si3O8). When producing a gel it is more common to have a 

problem of silica deficiency rather than any excess of silica. This is because the 

source of silica that is most commonly used is tetraethyl orthosilicate (Si(0C2H5)4), 

which is volatile and prone to loss by evaporation until it has been fully hydrolysed 

by the ammonia solution during gel preparation. Coesite was also a by-product of 

experiments using other gels (for example runs 13 and 14 in Table 4.5). Gel P3K 100 

was a gel produced by the author (see Appendix A) which was not used in reversal 

experiments because it formed peaks at low pressure, which may have been those of 

leucite and kalsilite (run 20, Table 4.5). However, at high pressure (run 14, Table 
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4.4) this gel also produced coesite. This would imply that if the composition of the 

gel was not correct, it was silica rich at high pressure but it was silica poor at low 

pressure, which would be impossible. 

A more probable explanation would be that the water in the capsule dissolved a small 

amount of the gel used. If the potassium and aluminium components were more 

soluble than the silica component it should have encouraged the excess silica to 

precipitate out as coesite or quartz. Therefore, at the end of the experiment, the 

products should have been mostly "sanidine hydrate" or sanidine with a small 

amount of coesite or quartz, and the remaining water should be rich in potassium and 
aluminium. If this were the case then varying that quantity of water used in the 

experiments should change the size of the coesite peak. Run 13 (Table 4.5) contained 

only 3.7 wt% of water in the capsule before the start of the experiment. This was not 

enough water to form entirely "sanidine hydrate" and therefore it was undersaturated. 

However, despite the fact that the run produced both "sanidine hydrate" and sanidine 
the relative height of the coesite peak was still of a similar size to all of the water-

saturated experiments. One would expect that when the proportion of water was 
reduced a smaller quantity of the potassium and aluminium components would 

dissolve and therefore leave less silica to precipitate as coesite, resulting a decrease in 

the size of the coesite peak. Since the size of the coesite peak was not reduced by 
decreasing the quantity of water it seems unlikely that the formation of the coesite 

was caused by preferential dissolution of components of the gel. The preferential 
dissolution of potassium and aluminium would not agree with the work of Anderson 

and Burnham (1983) on the dissolution of feldspars which, in the presence of water, 

tend to precipitate micas or feldspathoids at different temperature conditions. Their 
work showed no pressure effect on the dissolution properties but their studies only 
included data obtained below 0.6 GPa. In the current experiments it is perhaps the gel 

dissolving which may behave in a different fashion to the dissolution of sanidine. 

Another explanation is that the "sanidine hydrate" which formed in the present 

experiments did not have the same quantity of silica as is given by the formula 

KA1Si3O8.nH20. Therefore the silica remaining from the KA1Si308  gel precipitated 

to form coesite or quartz. This explanation was hard to prove as it was not possible to 
determine the composition of the crystals using the electron microprobe because the 

diameter of the crystals was generally less than a micron and thus inaccessible to 

microprobe analysis. Even the use of a large rastered beam over a number of crystals 

did not give any intelligible results. 

However, since the quantity of coesite was small, the problem was perhaps not so 

significant to the overall results. 
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4.5 Metastable behaviour of "sanidine hydrate" and sanidine 

Figure 4.2 shows how these reversal results compare with the previous results of Seki 

and Kennedy (1964a). Their "synthesis" reaction boundary was at slightly lower 

pressure and a slightly larger gradient than the one determined here. Initially it was 

thought that this might be due to the fact that their experiments were not reversal 

experiments. All of their experiments were synthesis experiments from a gel or glass 

starting material and the duration of all of their experiments was less than 2 or 3 

hours. It is possible that such short experiments only produced metastable products. 

If this were the case then it would explain the discrepancy between two positions for 

the reaction. To test this hypothesis two experiments were performed to see if it was 

possible to reproduce Seki and Kennedy's results. Run 67 (see Table 4.6 and Fig. 4.2) 

was a synthesis experiment of only three hours duration at 2.350 GPa and 550°C. 

This chosen pressure and temperature lay between the two positions for the reaction 

given by Seki and Kennedy and found in this current work. However, the experiment 

only produced sanidine and no metastable "sanidine hydrate". In order to make more 

certain that Seki and Kennedy's results were not reproducible, the same experiment 

was then repeated (run 71) but this time using a starting material of a gel which was 

seeded with crystals of "sanidine hydrate". This should have encouraged the 

"sanidine hydrate" to grow metastably. This experiment was run for 2 hours but it 

still only crystallised sanidine and even the seeds of "sanidine hydrate" were not 

apparent. Therefore it was not possible, in this case, to reproduce Seki and Kennedy's 

results. 

The discrepancy between the results of this investigation and those of Seki and 

Kennedy may be a result of slight variations in the apparatus, or an effect of the use 

of different starting materials. Seki and Kennedy's experiments used either pure 

sanidine crystallised from a KA1Si308  glass or a natural orthoclase containing 4.40% 

Na20 and 11.7% K20, whereas these synthesis experiments used a gel of 

composition KA1Si308. 

During further experiments it was found that it was possible to crystallise sanidine 

metastably in the "sanidine hydrate" field. Run 73, at 2.667 GPa and 550°C, and run 

74, at 2.737 GPa and 650°C, (Table 4.6) were both designed to synthesise "sanidine 

hydrate" at different pressures and temperatures, and thus obtain samples for 

subsequent study by infrared spectroscopy and thermOgravimetric analysis (see 

Sections 5.2 and 5.3). However, both of these experiments produced metastable 

sanidine. These two experiments were the closest to the equilibrium boundary (see 

Table 4.6). This metastable behaviour opposes to that shown by cymrite (Graham et 
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al 1992). Cymrite, the high-pressure phase, forms metastably in short duration runs 

on the low pressure side of the reaction. Here it seems that the low-pressure phase 

grows metastably on the high pressure side of the reaction. 
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Fig. 4.2. A graph to show the difference between the results of the present work and the results of 

Seki and Kennedy (1964a). (liii = "sanidine hydrate', • = sanidine). Numbered points marked * 
show where experiments were performed by the author to investigate the metastable crystallisation 
behaviour of sanidine and "sanidine hydrate (see Table 4.5) 

Table 4.6. Experiments to investigate the metastability of "sanidine hydrate" and sanidine 

Run P 	T H20 Length Type Starting 	Results*** 

	

GPa 	°C 	wt % hours 	* 	materials**  

67 2.350 550 	13.66 	3 	pc 	DLH gel 	san only no metastable SH 

71 2.350 550 	9.88 	2 	Pc 	DLH+ SH seeds 	san + trace of musc, no SH' 

73 2.667 550 	8.18 	48 	Pc 	DLH gel 	SH + san + poss. trace of coes 

74 2.737 650 	7.4 	22 	Pc 	DLH gel 	SH + san - no coes - trace of musc 

Notes: * pc = piston cylinder apparatus 
** DLH gel = gel donated by DL Hamilton of the University of Manchester 

SH = "sanidine hydrate', san = sanidine, coes = coesite, musc = muscovite 
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4.6 Synthesis experiments for subsequent analysis 

Following the reversal experiments the nature of the "sanidine hydrate" phase needed 

to be investigated in more detail in order to identify the "water" species in the 

structure, the quantity of water and the cell parameters. This was performed using 

infrared spectroscopy, thermogravimetric analysis and powder X-ray diffraction 

techniques. The results of these investigations are summarised in the succeeding 

chapters. However, in order to do this more "sanidine hydrate", synthesised over a 

range of pressures and temperatures, was required. The water content of some 

synthetic sanidines was also examined using infrared spectroscopy. 

Table 4.7 lists a summary of all the experiments which produced almost entirely 

"sanidine hydrate". The run products of these experiments were used for the 

subsequent analysis by the above mentioned techniques. Figure 4.3 shows the 

pressures and temperatures at which these experimental runs were performed to 

produce the "sanidine hydrate". Table 4.8 summarises the experiments used for the 

investigation of the water content of the synthetic sanidines. 

Table 4.7. Synthesis and reversal experiments used to produce "sanidine hydrate" for analysis by 
infrared spectroscopy and thermogravimetric analysis 

Run P 

GPa 

T 

°C 

H20 

wt % 

Length 

hours 

Type*  Starting 

materials** 

Results*** 

16 2.930 550 6.9 39 Pc P3K100 SH + trace of coes 

17 2.923 550 6.34 51 pc P3K100 SH + trace of coes 

22 2.868 550 6.22 67.5 Pc IP gel SH + trace of coes 

50 2.855 550 5.88 24.5 pcR PTmix SH + trace of coes 

56 2.855 650 6.28 24 pcR PTmix SH + trace of coes 

61 2.721 680 6.67 20 pcR PTmix SH + trace of coes 

72 2.855 450 8.43 72 pc DLH+ SH seeds SH with trace of coes + ?lc or qtz? 

75 2.737 500 9.0 60.5 pc DLH gel SH - trace of coes but qtz instead?? 

76 2.737 600 9.67 21 Pc DLH gel SH + coes + minor trace of qtz?? 

77 2.855 680 11.1 9+? pc DLH gel SH + coes + minor trace of qtz?? 

Notes: * pc = piston cylinder apparatus, R = reversal experiment 
** IP gel = a gel supplied by I Parsons and made by JC Rushton 

P3K100 = gel synthesised by the author (see Appendix A) 
DLH gel = gel donated by DL Hamilton of the University of Manchester 
PTmix = mixture of 40.1% "sanidine hydrate" and 59.9% sanidine 
SH = "sanidine hydrate", coes = coesite, qtz = quartz, musc = muscovite, Ic = leucite 
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Table 4.8. Synthesis and reversal experiments used to produce sanidine for analysis by infrared 
spectroscopy 

Run P 	T H20 Length Type*  Starting 	Results*** 

-- GPa 	°C 	wt % 	hours 	 materials** 

62 2.74 	680 	6.38 	24 	pcR PTmix san (+ SH trace) 

57 2.50 	650 	6.35 	24 	pcR P1'mix san only 

51 2.00 	550 	6.36 	24 	pcR PTmix san only 

93 1.50 	700 	10.9 	48 	pc DLH gel san only 

97 0.50 	700 	9.0 	82 	gb DLH gel san only 

98 0.10 	700 	11.8 	96 	cs DLH gel san only 

99 0.10 	700 	11.8 	96 	cs DLH gel san only 

96 0.50 	700 	10.4 	82 	cs P3KI00 san only 

18 0.10 	750 	1.87 	66 	cs P3K100 san (+ Ic + kal trace) 

20 0.10 	750 	2.01 	67 	cs P3K100 san (+ Ic + kal trace) 

11 0.10 	750 	2.63 	108 	cs P3K100 san only 

19 0.10 	750 	2.03 	67 	cs P3KI00 san (+ Ic + kal trace) 

15 0.10 	750 	5.90 	24 	cs P3K100 san (+ Ic trace) 

9 0.10 	750 	2.73 	108 	cs P3KI00 san (+ kal trace) 

454 0.10 	750 	---- 	144 	cs P3K100 san only 

Notes: * 	pc = piston cylinder, cs = cold seal, gb = gas bomb, R = reversal experiment 
** 	P3K100 = gel synthesised by the author (see Appendix A) 

DLH gel = gel donated by DL Hamilton of the University of Manchester 
P1'mix = mixture of 40.1% "sanidine hydrate" and 59.9% sanidine 

" san = sanidine, SH = "sanidine hydrate", Ic = leucite, kal = kalsilte 
' 	fired to 1100°C for 20 hours 
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Fig. 4.3. Experiments used to produce sanidine hydrate' for subsequent analysis using 
thermograv i metric analysis, infrared spectroscopy and powder X-ray diffraction. The numbers refer to 
the experiments summarised in Table 4.6. Lines show brackets as determined in Fig. 4.1. 

4.7 Conclusions 

The position of the reaction 

KAISi308  + nH20 = KAISi308.nH20 
sanidine 	+ water = "sanidine hydrate" 

has been shown to lie between the four reversal brackets 2.350 GPa and 2.500 GPa at 

450°C, 2.400 GPa and 2.590 GPa at 550°C, 2.667 GPa and 2.737 GPa at 650°C and 

between 2.696 GPa and 2.721 GPa at 680°C. 

The quantity of coesite in all the high pressure experiments was roughly calibrated 

and found to be small, perhaps less than 5% in most runs. The cause of this coesite 

was not determined but the three potential problems were that the gel was off 

composition, water preferentially dissolves the potassium and aluminium 

components of the gel or that the "sanidine hydrate" was not of the same 

stoichiometry as the formula given above. 

Attempts to reproduce Seki and Kennedy's (1964a) synthesis results were 
unsuccessful. The discrepancy between their results and the ones found here was 

therefore not a result of the metastable behaviour of "sanidine hydrate". This 
behaviour is not analogous with that of the metastable behaviour of cymrite as found 

by Graham et al. (1992). In fact it was possible to crystallise sanidine metastably just 

inside the "sanidine hydrate" stability field when a gel was used as a starting 
material. Reversal experiments, which used the crystalline starting material PTmix, 
were run at similar pressures and temperatures to the ones that crystallised sanidine 

metastably and formed 'sanidine hydrate" alone. 

74 



Chapter 5 

"Water" content of "sanidine hydrate" 
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5.1 Introduction 

In the reversal experiments of Chapter 4 the phase produced on the high pressure side 

of the reaction, "sanidine hydrate", was thought to be a hydrous phase. In the absence 

of water, sanidine has been shown to be stable up to pressures of 4 to 10 GPa in the 

temperature range 800 to 2000°C (Kinomura et al 1975) but in the presence of water 

a reaction occurs. The sanidine reacts with this water and thus the resulting high 

pressure phase is hydrated. Also in the reversal experiments which produced 

"sanidine hydrate" there was less water in the capsule at the end of the experiment 

than at the beginning which could imply that some of the water was consumed by the 

reaction. In the work on cymrite, a potential analogue to "sanidine hydrate", Graham 

et al (1992) found that the composition of cymrite was BaAl2Si2O8.nH20, where 0 !,:,~ 

n < 1. In their work the water content of cymrite was investigated by infrared 

spectroscopy and found to be molecular H20 held within the crystalline structure. 

Therefore the type of water species in "sanidine hydrate" was here also examined by 

infrared spectroscopy to see if it too contained molecular H20. 

The reversal of the reaction between sanidine (KAIS608) and water to form 

"sanidine hydrate" (KA1S608.nH20) was discussed in Chapter 4. The reversal 

experiments restricted the reaction to lie between four tight pressure brackets at 

different temperatures. It was possible to fit a number of straight lines to lie within 

these brackets which could represent the true equilibrium position of the reaction. If 

the compositions of any of the phases vary with pressure and temperature, however, 

it is possible that the reaction would not appear as linear on a pressure-temperature 

graph. In Chapter 2 the work of Graham et al. (1992) on cymrite (BaAl2Si2O8.nH20) 

was considered as a potential analogue to "sanidine hydrate". They discovered that 

cymrite had a variable water content by investigating samples synthesised at different 

pressures and temperatures with thermogravimetric analysis. The water content 

varied from one molecule of H20 per formula unit at high pressures and low 

temperatures to probably being free of water at low pressures and high temperatures 

(see Fig. 2.7). As a result the reaction could not be linear on a pressure-temperature 

graph. The water contents determined by thermogravimetric analysis were contoured 

on a graph of the partial pressure of water against temperature. These variation in 

water content could then be used to calculate the curvature of the reaction between 

sanidine and water to form "sanidine hydrate" by thermodynamic analysis. Graham 

et al. calculated that the reaction was slightly convex up with pressure i.e. d2P/dT2 > 

0. In the light of these results, thermogravimetric analysis was also performed in this 

study on samples of "sanidine hydrate", previously synthesised at various pressures 
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and temperatures, in order to see if the value of 'n" in the formula KAISi308.nH20 
could be determined and also to see if it varied with the pressure and temperature of 

synthesis. 

The experimental methods employed for all of the techniques mentioned in this 

Chapter were as described in Chapter 3. 

5.2 Infrared spectroscopy of "sanidine hydrate" 

Two typical infrared spectra of "sanidine hydrate" are shown in Figure 5.1 (runs 17 

and 56). The difference in intensity of transmission between the two traces only 

reflects the different quantities of sample used. At 1610 cm-1  there is an absorption 

peak (or transmission trough) which would indicate the presence of molecular H20. 

In the OH stretching region there are two sharp absorption peaks at 3530 and 3620 

cm-1  which are the result of isolated structurally bound fI20 molecules. In the 

samples synthesised at different pressures and temperatures the position of the 

absorption peaks does not vary by more than ± 10 cm* In the OH stretching region 

of the spectra there is also a smaller broad background hump at a slightly lower 

frequency. This absorption hump indicates the existence of surface water or water 

held within micropores. Some surface water is hard to avoid when using a 

hygroscopic KBr disc. In addition micropores containing water as fluid inclusions are 

also probable in samples synthesised hydrothermally as these samples were dried to 

100°C which should remove most of the surface water, but not necessarily the fluid 

inclusion water. Samples were also investigated in the near infrared at wavenumbers 

between 4000 and 5800 cm-' in order to look for overtones of these fundamental 

vibrations seen at lower wavenumbers. However, no combination modes were seen 

and therefore no additional information on the nature of the structural "water" could 

be obtained. 

Goldman et al (1977) studied single crystals of cordierite using polarised infrared 

spectroscopy. In the OH stretching region four absorption peaks were identified on 

an infrared spectrum (Fig. 52). These four peaks were thought to represent two 

different sites for H2O molecules within the hexagonal channels of the crystals. The 

orientation of these water molecules could be shown to have the H-H vector of the 

water molecule either parallel or perpendicular to the channel axis by using polarised 

infrared radiation (Schreyer, 1985) (Fig. 5.3). However, in the H2O bending region 

there are more than two absorption peaks, which does not entirely fit this 
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explanation. Although this work of Goldman et al. utilised polarised infrared 

radiation and a single crystal technique, the corresponding powder pattern would 

presumably resemble the combination of the three traces of Figure 5.2. Therefore a 

comparison of the pattern of the infrared spectrum of cordierite with that of "sanidine 

hydrate" showed that there must be only one site for the H20 within the "sanidine 

hydrate" structure. Work by Schmetzer and Kiefert (1990) has shown that the 

presence of two H20 sites in the crystal structure, in an orientation parallel and 

perpendicular to the channel axis within the crystal, is also a property of beryl. 
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Fig. 5.1. Infrared spectra of two samples of 'sanidine hydrate". The feinter top trace is of run 56 and 
the lower darker one is that of run 17. Both traces appear very similar showing evidence for the 
presence of structural H20 molecules and free water as either surface water or water in fluid 
inclusions. 
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Fig. 5.2. Infrared spectra of water in cordierite from three different orientations through the crystal. 
The spectrum, taken in polarised radiation, shows more than two features in the 3600 wavenumber 
region. At 78K the 13 orientation resolves into two peaks. These four peaks have been interpreted as 
showing there are two water sites within the hexagonal channels in the structure of cordierite (see Fig. 
5.3). (redrawn after Goldman et al., 1977) 

C 

H20 (I) 

1120 (11) 

H20 (H) 

Fig. 5.3. A sketch section through the hexagonal channel of cordierite parallel to the c axial direction 
showing the two orientations in which H20 can occur within the channel. The presence of a cation, 
such as sodium, seems to encourage the H20 molecule to take a position with the H-H vector 
perpendicular to the c axis type (II). (redrawn after Goldman et al., 1977) 
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These infrared spectra for "sanidine hydrate" are similar to the spectra for cymrite 

prepared at 0.965 GPa and 740°C (Fig. 5.4). The positions of the OH stretching 

absorption peaks in "sanidine hydrate" are shifted to higher frequencies than in 

cymrite but not to such high frequencies as are found in cordierite or beryl. This 

frequency shift implies that the strengths of the bonds holding the H20 molecules in 

the "sanidine hydrate" structure are slightly stronger than those in cymrite but not as 

strong as those in cordierite or beryl. 

There is no evidence, from infrared spectroscopy, for any OH groups within the 

"sanidine hydrate" structure as there is no single OH stretching absorption peak. 

However, it would probably be difficult to observe a small OH stretching peak if its 

frequency lay in the range of OH stretching of an H2O molecule. 

4000 3500 3000 2500 2000 1500 1000 500 

Wavenumbers (cm') 

Fig. 5.4. Two infrared spectra of cymrite synthesised under different pressure and temperature 
conditions (redrawn from Graham et at 1992, fig. 7). 
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Thermogravimetric analysis of the samples of "sanidine hydrate" was then performed 

(see next section). The samples were heated up until no further weight loss occurred. 

This constant weight at increasing temperatures was thought to imply that all of the 

structural "water" had been removed. As a further check that this was indeed the 

case, samples which had been subjected to thermogravimetric analysis, which are 

subsequently referred to as "hexasanidine", were re-investigated using infrared 

spectroscopy. Two typical results of samples of runs 76 and 61, mounted in a KBr 

disc, are shown in Figure 5.5. Both samples show only a broad peak in the OH 

stretching region which is probably caused by surface water adsorbed by the KBr 

disc. There is no evidence for either structural H20 or structural OH. This dehydrated 

material could be similar to the barium analogue, hexacelsian of Viswanathan et al. 

(1992) and Graham et al. (1992). In order to see if this was the case the cell 

parameters of "sanidine hydrate" and "hexasanidine" were measured for comparison 

with cymrite and hexacelsian (see Chapter 6) 

run 76 prior to thermogravimetric analysis 

run 76 after thermogravimetric analysis 

I 

j 
	

run 61 after thermogravimetric analysis 

4000 	3500 	3000 	2500 	2000 	1500 	1000 	500 
Wavenumbers (cm ) 

Fig. 5.5. Infrared spectra of two samples of "hexasanidine" synthesised by dehydrating "sanidine 
hydrate" during thermogravimetric analysis. The feinter trace is of run 76 and the lower darker one is 
that of run 61 compared with the material prior to dehydration of run 76 shown in the top trace. Both 
traces show no evidence for the presence of structural "water. The features in the OH stretching 
region and the H2O bending region are probably a result of adsorbed surface water on the KBr disc. 
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5.3 Thermogravimetric analysis of "sanidine hydrate" 
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-0.0l. 
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Fig. 5.6. A typical thermogravimetric result of a "sanidine hydrate" sample (run 17) showing the 
weight loss (heavier black line) and the derivative of the weight loss with respect to temperature 
(feinter grey line) plotted against temperature. The major weight loss event between 200 and 600°C is 
probably caused by the loss of structurally bound H20 molecules. The small and variable weight 
losses below 300°C and above 600°C were perhaps due to surface water and structurally bound OH 
groups respectively. 

A typical graph of the results of thermogravimetric analysis of a "sanidine hydrate" 

sample (run 17) is shown in Figure 5.6. All the graphs of the thermogravimetric 

analysis of the samples exhibited a similar shaped curve. Up to around 300°C there 

was a very slight and variable weight loss. Above 300°C but below 550°C there was 

a substantial loss of weight. Above 550°C and up to around 800°C the weight 

sometimes appeared to drop slightly, by less than 0.2 wt%, but up to 1200°C the 

weight rose again slightly. The small increase in weight above 800°C was probably 

caused by a slight drift in the measurement of the machine as was seen in an 

anhydrous sample of run 45 which was fired before analysis (see Fig. 9.9). Hence 

there was probably no further weight loss above 800°C. The derivative of the weight 

loss with respect to temperature was also drawn up as this could show more clearly 

when there was a change in slope. All of these samples showed only one strong peak 

in the derivative in the 300-550°C region and a minimal one below 300°C. To 

calculate the percentage weight loss over a weight loss event, two positions were 

chosen on the curve outside the temperature range of the weight loss event. Tangents 

82 



were drawn at these two positions and another at the point of inflection where 

d(wt%)/dT was at a maximum. The two points of intersection of these three tangents 

were then used to measure the weight loss without the effect of the background of 

measurement drift and weight loss from other events. Figure 5.7 shows how these 

tangents were drawn on the graph of weight loss against temperature. 
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Fig. 5.7. Diagram to show the method of tangent construction used to measure the percentage weight 
loss over a weight loss event. The measurement shown here is for the main weight loss event between 
300 and 550°C which may correspond to the loss of structurally bound H20 molecules in 'sanidine 
hydrate. 

5.3.1 Interpretation of the weight losses 

The weight loss exhibited by "sanidine hydrate" on heating from 0 to 800°C can be 

viewed as three weight loss events over the separate temperature ranges of around 0-

300°C, 300-550°C and 550-800°C. 

The weight loss up to approximately 300°C was thought to te mostly that of surface 

water lost from the sample. 

The major weight loss event between 200 and 600°C was taken to be the loss of the 

H20 molecules from within the crystalline structure as identified using infrared 

spectroscopy (see Section 5.2). 
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Above 550°C but below 800°C there was a small weight loss in some of the samples. 

This weight loss may have been that of a small amount of structural OH, as was 

suggested by Graham et al (1992) for a similar small weight loss observed in 

cymrite. Any further evidence for structural OH could not be found using infrared 

spectroscopy, as it is hard to see evidence of structural OH in the presence of large 

amounts of structural H20. 

The percentage weight loss of 10 run products from piston cylinder experiments 

which produced "sanidine hydrate" were measured over these three temperature 

ranges to evaluate the percentage weight loss and to see if the weight loss varied with 

the pressure and temperature of synthesis. Three of these samples were re-run to 

check for consistency. At this stage material remaining from the original samples was 

exhausted thus prohibiting any further checks. The percentage weight loss for these 

thermogravi metric experiments is listed in Table 5.1. Figure 5.8 shows the plot of 

these results for the pressure and temperature conditions of all of the piston cylinder 

experiments with the percentage weight loss of the main water loss event between 

300 and 550°C shown in bold type. Unlike the work of Graham et al. (1992) these 

samples showed no obvious systematic variation in percentage weight loss with 

pressure and temperature. The values ranged from 4.42 to 5.85 wt% but in an 

irregular order. Repeat thermogravimetric runs on the same samples (runs 50, 56 and 

77 in Table 5.1) showed differences in the percentage weight loss within the same 

sample were almost within the measurement error of the machine itself which was ± 

0.1 wt%. However, samples which were synthesised at similar pressures and 

temperatures (e.g. runs 16 and 17 and runs 22 and 50) showed differences which 

were larger than 0.1 wt%. These could imply that the overall error in measurement 

was greater than ± 0.1 wt%, perhaps of the order of ± 0.3 wt% or possibly more. This 

was most likely to be a property of the samples themselves rather than the 

thermogravi metric machine (see Section 3.7.2). The degree of systematic variation 

was checked by examining the thermodynamics of the dehydration of "sanidine 

hydrate" in Section 7.6 and found to be poor. Therefore the percentage weight loss 

could not be contoured with isopleths of constant water content as was calculated by 

Graham et al. (1992) for the barium analogue (see Section 2.3). However, it is 

interesting to note that the weight loss between 300-550°C in all of the samples was 

within ± 0.8 wt% from the mean value of 5.07 wt%. In addition the maximum value 

of weight loss in this event was 5.85 wt% which is less than 6.07 wt% which would 

be the weight percentage of H20 if there was one H20 molecule per formula unit. 
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Table 5.1. Table of percentage weight losses of samples of sanidine hydrate" measured by 
therm ogravimetric analysis. The three temperature ranges in which different weight loss events 
occurred are shown as well as the pressures and temperatures of synthesis of the ten piston cylinder 
run products. 

Run number Pressure of Temperature Weight loss Weight loss Weight loss 
synthesis of synthesis (0 - 300°C) (300-550°C) (550 - 800°C) 

(GPa) (°C)  

72.1 2.855 450 0.51 5.38 0.31 

50.1 2.855 550 0.03 4.77 0.28 

50.2 2.855 550 0.25 4.81 0.31 

22.1 2.868 550 0.56 5.07 0.5 

17.1 2.923 550 0.61 5.27 0.03 

16.1 2.930 550 0.51 5.85 0.00 

56.1 2.855 650 0.75 4.50 0.37 

56.2 2.855 650 0.90 4.42 0.29 

77.1 2.855 680 0.60 4.66 0.27 

77.2 2.855 680 0.35 4.42 0.27 

75.1 2.737 500 0.34 5.42 0.13 

76.1 2.737 600 0.27 5.15 0.27 

61.1 2.721 680 0.89 4.59 0.37 
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I 	 I 	 I 
I 	 16 	5.85 

17 5.27 	 56 77 
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Fig. 5.8. Percentage weight loss of ten piston cylinder run products of sanidine hydrate, measured 
by thermogravimetric analysis, in the 300 - 550°C temperature range plotted in the position of their 
pressures and temperatures of synthesis. Measurement errors in the thermograv i metric data should be 
± 0.1 wt%. The figures shown in parentheses are the corrected weight losses after the platinum 
content was measured using atomic absorption. The solid and dashed lines show possible positions of 
the reversed reaction as described in Chapter 4, Fig. 1.1. 
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5.3.2 Correction of the weight losses using the admixed platinum contents 

One of the potential difficulties with the thermogravimetric measurements was the 

contamination of the solid media samples with platinum (see Section 3.7). This 

contamination may hide any pattern in the variation of the water content with the 

pressure and temperature of synthesis, as shown in Figure 5.8, and therefore the 

technique of atomic absorption was used to try to measure the quantity of platinum in 

each sample. The techniques used for atomic absorption were also described in 

Section 3.8. 

The standard additions method showed that there was severe depression of the 

platinum absorption peak, presumably because some other part of the sample was 

being simultaneously dissolved and interfering with the platinum atoms. This method 

yielded the results shown in Table 5.2. The error values for these figures were 

probably ± 0.02 mg. 

The thermogravimetric data were then recalculated 'to account for the known 

platinum contamination using the equation: 

cx= 13X 
(X—Y) 

where a = corrected percentage weight loss in "sanidine hydrate" alone 
= percentage weight loss in "sanidine hydrate" + platinum 

X = weight of sanidine hydrate" + platinum + H20 before thermogravimetric analysis 
Y = weight of platinum in sample 

The samples chosen for measurement using atomic absorption were the ones on 

which repeat thermogravimetric runs had been performed, run numbers 50, 56 and 

77. They were also the ones with low weight loss values which may therefore have 

been more contaminated. The final column of data in Table 5.2 and the numbers in 

parentheses in Figure 5.8 show the result that these recalculated figures would have 

on the thermogravimetric data. 

Inevitably, as these figures rely on calculating the total platinum in the sample, the 

value would be smaller than the true value if some of the platinum was lost before 

atomic absorption was performed. So if the measured quantity of platinum was 

incorrect, it is probable that the true quantity would be larger and in this case would 

recalculate to result in yet higher values for the weight percentage of water lost from 

"sanidine hydrate" during thermogravimetric analysis 
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Table 5.2. Corrected values for the percentage weight loss of the main weight loss event in sanidine 
hydrate' between 300 and 550°C during thermogravimetric analysis after measuring the platinum 
content (column 4) using results from atomic absorption techniques. 

Run number 	Weight of sample 	Weight loss 	Weight of 	Corrected 
before TGA 	before correction 	platinum 	weight loss 

(mg) (%) (mg) (%) 

50.1 10.8 4.77 0.478 4.99 

50.2 9.2 4.81 0.362 5.01 

56.1 10.3 4.50 0.472 4.72 

56.2 9.9 4.42 0.377 4.59 

77.1 10.4 4.66 0.196 4.75 

77.2 	 7.3 	 4.42 	 0.385 	 4.66 

It seems that the quantity of platinum as determined by atomic absorption does not 

explain the variation seen in the thermogravimetric data. The platinum in all the 

samples run had the reasonably consistent effect of increasing the weight percentages 

of the main water loss event by 0.2 to 0.3 wt%. Any agreement between the three 

repeated runs was not improved by a corrected weight figure and therefore it is 

probable that some of the platinum was lost prior to atomic absorption analysis. 

Hence the platinum correction did not aid an explanation for the variation from 

samples synthesised under different conditions, either by systematic differences or as 

a consistent quantity of water lost over the entire range of pressures and temperatures 

at which they were studied. 

The platinum correction was not sufficiently good to merit more of the samples being 

used up in atomic absorption analysis. The remaining samples were needed for repeat 

powder X-ray diffraction scans to calculate the consistency of the unit cell parameter 

measurements. Each of these scans would result in more of the original platinum 

content being lost and so would cause the accuracy of the platinum correction to 

decrease. Therefore only 6 of the thermogravimetric samples were corrected for 

platinum content. 
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5.4 Conclusions 

The phase "sanidine hydrate" was shown from infrared spectroscopy to contain 

structural H20 molecules which were limited to one site within the crystalline 

structure. Therrnogravimetric analysis did not show that the water content varied in a 

clear systematic fashion with pressure and temperature over the pressure-temperature 

range studied. The mean weight loss between 300 and 550°C, which was thought to 

represent the structural H20 component, was 5.07 wt%. This weight loss corresponds 

to 0.83 molecules per formula unit, i.e. the formula of "sanidine hydrate" was 

KAISi3O8.0.83H20 

This value may not be significant but was used to try and calculate some 

thermodynamic parameters over the pressure-temperature range studied in Chapter 7. 

The accuracy of these weight losses may be poor. There was some variation about 

the mean value with the maximum value being almost I H20 molecule per formula 

unit. The cause of this variation could be contamination rather than true differences 

in the water content of "sanidine hydrate". The overall effect of the contamination 

was difficult to demonstrate, although some samples were shown to contain 

significant quantities of platinum. The products of thermogravimetric analysis of 

"sanidine hydrate" up to 800°C showed no remaining structural "water" peaks in the 

infrared spectra and was hence termed "hexasanidine". Since "hexasanidine" could be 

synthesised it would imply that "sanidine hydrate" could have a water content which 

varied between I and 0 molecules per formula unit as was found in the barium 

system (see Section 2.3). 
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Chapter 6 

Unit cell parameters 
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6.1 Introduction 

In Chapter 5 the water content of "sanidine hydrate" was investigated. It was thought 

that perhaps the value of n in the formula KAISi3O8.nH20 might vary systematically 

with the pressure and temperature of synthesis in a similar fashion to the barium 

feldspar hydrate, cymrite (Graham et al 1992). In Section 5.3 the results of 

thermogravimetric analysis of samples of "sanidine hydrate" were documented. 

Figure 5.8 showed that these results varied slightly with pressure and temperature of 

synthesis, but not in a systematic manner as shown by the thermodynamic analysis 

described in Section 7.6. It was postulated in Section 5.3.1 that contamination of the 

sample might be affecting the results. If the quantity of water in the "sanidine 

hydrate" structure does vary significantly with pressure and temperature of synthesis 

then the size of the unit cell may reflect this. Viswanathan et al. (1992) calculated the 

cell parameters of the barium feldspar hydrate, cymrite and its dehydrated form 

hexacelsian. They showed that the cell parameters of cymrite changed progressively 

with dehydration and hence cymrite and hexacelsian formed end members of a solid 

solution series. If "sanidine hydrate" and "hexasanidine" behave similarly then they 

too may be part of a solid solution series with variable amounts of water in the 

structure, and therefore the structural "water" content should vary with pressure and 

temperature of synthesis and hence the results of thermogravimetric analysis shown 

in Figure 5.8 were probably affected by contamination. 

Cell parameters were calculated, using powder X-ray diffraction, for "sanidine 

hydrate" synthesised under a variety of pressure temperature conditions in order to 

investigate any variation in cell structure. Cell parameters were also calculated for 

some of the same samples that were dehydrated during thermogravimetric analysis 

("hexasanidine"). This showed the maximum possible variation in water content from 

a fully hydrated sample to a dehydrated sample. 
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6.2 Techniques used in calculating cell parameters 

The sample was mixed thoroughly with a small amount of internal standard. A good 

internal standard is one which has a very well known structure and hence the position 

of its peaks on a powder X-ray diffraction pattern is well defined. In addition the 

internal standard must have X-ray diffraction peaks over a similar angle range as the 

sample and minimal overlap with those peaks generated by the sample. The internal 

standard used for samples of "sanidine hydrate" and "hexasanidin&' was quartz. 

The sample containing the internal standard was mounted on a glass slide with 

acetone and scanned with X-rays using a Philips PW 1800 X-ray diffractometer. The 

scans used CuKa1  and CuKa2  radiation of wavelengths 0.154060 and 0.154439 nm 

with the generator set to 40 kV and 50 mA. For accurate crystallographic work the 

scan was set to run from 2°28 to 140°20 using a step size of 0.015°20 and a 

measurement time of 3 seconds per step on a spinning sample. A slow scan, of eight 

hours duration, was required to achieve a better definition of the peaks. The scan was 

run up to a large angle as the position of the peaks at higher values of 28 is better 

known and therefore increases the precision of the cell parameters calculation. 

The Philips APD 1700 software automatically generated a data file of peak positions 

and intensities. This file was carefully edited by automatically removing the Ka2  

peaks and then edited manually on the screen to,  ascertain that all the peaks were 

correctly positioned and were genuine sharp peaks. Any peaks that were known to be 

indicative of other phases, in particular those peaks for coesite, were deleted at this 

stage. The remaining peaks data file was then corrected using the systematic error 

correction programme of the Philips software. This software creates a "best fit 

function" which corrects the peaks of the quartz internal standard back to their 

theoretical value. The best fit function could then be plotted to check that there were 

no outlying peaks that altered the position of the best fit curve so that it did not run 

through the majority of the points. If the curve did not lie in a reasonable position 

then these outlying peaks could be ignored and another best fit function calculated. 

Figure 6.1 shows these outlying peaks as an "0". The "best fit function" as fitted 

through all of the points is the dotted curve. An improved "best fit function", which 

ran through the main array of points and is shown in Figure 6.1 as a solid black line, 

was obtained by ignoring the outlying peaks. The outlying peaks were often low 

intensity peaks at higher angles which may not have been caused by the quartz 

internal standard 
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Fig. 6.1. Diagram to show how the systematic error correction was applied. Crosses and circles 
represent peaks identified by the software as quartz peaks. The y-axis shows the difference between 
these peaks and their true value in quartz. Initially a best fit function was applied to all of these peaks 
(dotted line). Some of the peaks (circles) were not close to the main array of peaks. These outlying 
peaks affected the shape of the best fit curve substantially and were therefore ignored and a second 
best fit curve produced (black solid line). The entire peaks data file was then adjusted using a function 
which corrected for this systematic error. 

When a good systematic error correction function had been evaluated it was applied 

to the data file for the entire angle range. This procedure corrects for variations of the 

positions of the peaks that are due to differing sample thickness and heights of the 

mount. 

In order to use the crystallography component of the Philips APD 1700 software 

package it was necessary to have a peaks data file which contained only the peaks of 

the phase of interest. Hence a new data file was created. It was also useful, as a cross 

check, to write a file which contained the quartz peaks from the error corrected file. 

The internal standard should show the cell parameters of quartz. The cell parameters 

of "sanidine hydrate" and "hexasanidine" were refined from an initial starting point 

of Seki and Kennedy's (1964a) values for the cell parameters of a = 0.533 nm and c = 

0.77 nm using a hexagonal primitive cell. The potentially analogous barium feldspar 

hydrate, cymrite, has a monoclinic symmetry with unit cell parameters of a = 0.533 

nm, b = 3.66 nm and c = 0.767 nm but the structure can be refined as 

pseudohexagonal with a space group P21  (Drits et al 1975, Drits and Kashaev 1969). 

The cell parameters of Viswanathan et al (1992) are all calculated using this 
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pseudohexagonal symmetry. "Sanidine hydrate" has a very similar powder X-ray 

diffraction pattern to cymrite and hence it is possible that it also has 

pseudohexagonal symmetry and is really monoclinic. This may explain the difficulty 

in indexing all of the unknown peaks which might have been "sanidine hydrate". 

Using the Philips APD 1700 software programme it was possible to vary the number 

of refinements and the size of the final 29 error window. These were modified until 

the number of reflections with a unique explanation increased, preferably to explain 

all of the peaks, and the number of reflections with two or more explanations 

decreased, preferably to zero. A good refinement normally had a final error window 

in the peak positions of 0.05°29 or less. This degree of refinement was not attainable 

in this instance for all of the available peaks and it was found that the peaks present 

varied from sample to sample. In order to make a comparison of the different 

samples and to improve the refinement, 10 peaks were chosen. The peaks selected 

were ones that occurred in the trace of every sample and included some of the higher 

angle peaks to increase the precision of the refinement and also most of the more 

intense lower angle peaks. The choice of these peaks did have an effect on the cell 

parameters calculated and several combinations of peaks were investigated. None of 

these choices could explain the existence of all of the unknown peaks in the trace 

especially if the highest angle peaks were selected. The final choice of peaks was that 

which refined with a better final error window and yet contained most of the larger 

peaks. Table 6.1 shows the average positions of the peaks used for cell refinement of 

"sanidine hydrate" and "hexasanidine". 

For comparison the indexed pattern generated by this method was then used to 

recalculate the cell parameters with the aid of a programme written by Dr P 

Champness of Manchester University. This programme gave slightly different values 

for the cell parameters but a better idea of the errors involved in each calculation. The 

figures for the cell parameters in Tables 6.2 and 6.3 are those generated by this 

programme. 
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Table 6. 1. Approximate positions of reflections used to refine the cell parameters for the structures of 
"sanidine hydrate" and "hexasanidine". 29 is the peak position on the X-ray diffraction pattern and h, 
k and I are the Miller indices assigned to that peak by the Philips software 

"sanidine hydrate" 

29 position h k I 

19.178 1 0 0 

22.406 1 0 1 

23.040 0 0 2 

30.153 1 0 2 

33.555 1 1 0 

38.940 2 0 0 

40.274 2 0 1 

47.084 0 0 4 

57.900 2 1 2 

70.524 2 2 0 

"hexasanidine" 

29 position h k I 

19.366 1 0 0 

22.482 1 0 1 

22.729 0 0 2 

30.031 1 0 2 

33.875 1 1 0 

41.040 2 0 1 

49.041 1 1 3 

58.247 2 1 2 

71.276 2 2 0 

137.933 1 1 9 

6.3 Results of cell refinement calculations 

Figures 6.2 and 6.3 show a typical X-ray diffraction trace for "sanidine hydrate" and 
"hexasanidine" respectively in the 0 to 140°29 angle range. These two traces are 
similar but they do show a slight shift in peak positions as shown in more detail in 
Figure 6.4, which is a comparison of the traces of these samples in the 0 to 60029 
angle range. It is these shifts that give rise to the small differences in the size of the 
unit cell parameters for "sanidine hydrate" and "hexasanidine". Tables 6.2 and 6.3 list 
the results of unit cell refinement calculations for "sanidine hydrate" and 
"hexasanidine" respectively. Although the unit cell parameters were calculated for 
samples synthesised at a variety of pressures and temperatures, there was little 
variation in unit cell parameters between samples and that slight variation was not 
systematic with the conditions of synthesis. Repeat calculations for four of the 
samples (runs 16, 50, 56 and 61) using different aliquots of the same sample showed 
that the variation between different samples and repeat runs of the same sample were 
of a similar order of magnitude. All of the calculated unit cell parameters for the 
samples lay within a reasonable error of ±0.001 nm or less of the mean values shown 
at the bottom of the tables. These calculated cell parameters clearly do not offer an 
explanation for all of the peaks shown in Figures 6.2 and 6.3. The reason for this 
uncertainty may be that the unit cell for both "sanidine hydrate" and "hexasanidine" 
is actually monoclinic, with a pseudohexagonal symmetry similar to that believed to 
occur in cymrite (see previous section), rather than a hexagonal primitive unit cell as 
was assumed for these samples. Tables 6.4 and 6.5 show a list of all the possible 
positions of peaks that these unit cell parameters could give rise to using a hexagonal 
cell. 
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Table 6.2. Unit cell parameters calculated, using a hexagonal primitive cell, for samples of "sanidine 
hydrate" synthesised at various pressures and temperatures. 

Run Pressure Temperature a (nm) c (nm) volume c/a 
number (GPa) (°C) (nm3) 

16a 2.930 550 0.5337 0.7705 0.1901 1.444 

16b 2.930 550 0.5337 0.7712 0.1902 1.445 

17 2.923 550 0.5337 0.7714 0.1903 1.445 

22 2.879 550 0.5337 0.7711 0.1902 1.445 

50a 2.855 550 0.5338 0.7718 0.1905 1.446 

50b 2.855 550 0.5339 0.7716 0.1905 1.445 

72 2.855 450 0.5338 0.7709 0.1902 1.444 

56a 2.855 650 0.5336 0.7718 0.1903 1.446 

56b 2.855 650 0.5338 0.7710 0.1903 1.444 

77 2.855 680 0.5335 0.7716 0.1902 1.446 

75 2.737 500 0.5338 0.7712 0.1903 1.445 

76 2.737 600 0.5334 0.7712 0.1901 1.446 

61a 2.721 680 0.5336 0.7718 0.1903 1.446 

61b 2.721 680 0.5336 0.7718 0.1903 1.447 

Mean 0.5337 0.7714 0.1903 1.445 

Range ± 0.0003 ± 0.0009 ± 0.0002 ± 0.002 

Table 6.3. Unit cell parameters calculated, using a hexagonal primitive cell, for samples of 
"hexasanidine" synthesised by dehydrating samples of 'sanidine hydrate" using thermógravimetric 
analysis (see Section 5.3). 

Run Pressure Temperature a (nm) c (nm) volume c/a 
number (GPa) (°C) (nm3) 

61 2.721 680 0.5290 0.7815 0.1894 1.477 

72 2.855 450 0.5289 0.7819 0.1895 1.448 

75 2.737 500 0.5278 0.7819 0.1895 1.479 

76 2.737 600 0.5288 0.7823 0.1894 1.479 

16a 2.830 550 0.5291 0.7818 0.1895 1.478 

16b 2.930 550 0.5289 0.7818 0.1894 1.478 

17a 2.923 550 0.5289 0.7818 0.1894 1.478 

17b 2.923 550 0.5291 0.7817 0.1895 1.477 

Mean 0.5288 0.7818 0.1895 1.478 

Range ±0.0010 ±0.0005 ±0.0001 ±0.0001 
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Table 6.4. The positions of potential X-ray diffraction peaks for "sanidine hydrate' if the cell 
parameters are taken as a = 0.5337 nm and c = 0.7714 nm and the unit cell is hexagonal primitive. 

20 h k I 	20 h k I 	29 h k I 

11.462 0 0 1 73.867 3 1 0 109.380 1 0 8 

19.187 1 0 0 75.053 3 1 1 110.243 4 1 3 

22.406 1 0 1 75.306 2 2 2 111.469 2 1 7 

23.040 0 0 2 76.907 1 0 6 111.993 3 2 4 

30.153 1 0 2 78.574 3 1 2 112.612 2 2 6 

33.555 1 1 0 79.573 3 0 4 112.788 4 0 5 

34.863 0 0 3 81.145 2 2 3 112.875 5 0 0 

35.569 1 1 1 83.371 1 1 6 114.120 5 0 1 

38.940 2 0 0 83.534 2 1 5 116.107 3 1 6 

40.095 1 0 3 83.614 4 0 0 116.291 1 1 8 

40.724 2 0 1 84.354 3 1 3 117.936 5 0 2 

41.098 1 1 2 84.763 4 0 1 118.496 3 0 7 

45.730 2 0 2 86.566 2 0 6 119.051 4 1 4 

47.084 0 0 4 88.197 4 0 2 119.900 2 0 8 

49.166 1 1 3 88.691 0 0 7 119.988 3 3 0 

51.290 1 0 4 89.178 2 2 4 121.316 3 3 1 

52.327 2 1 0 89.913 3 0 5 123.640 3 2 5 

53.250 2 0 3 91.874 1 0 7 123.736 4 2 0 

53.757 2 1 1 92.361 3 1 4 124.624 5 0 3 

57.900 2 1 2 93.177 3 2 0 125.121 4 2 1 

59.051 1 1 4 93.914 4 0 3 125.421 3 3 2 

59.904 0 0 5 94.322 3 2 1 127.351 4 0 6 

59.996 3 0 0 96.128 2 1 6 127.974 0 0 9 

61.307 3 0 1 97.770 3 2 2 129.429 4 2 2 

62.695 2 0 4 98.268 1 1 7 130.071 2 2 7 

63.519 1 0 5 99.505 2 2 5 131.688 4 1 5 

64.426 2 1 3 99.586 4 1 0 131.692 2 1 8 

65.147 3 0 2 100.746 4 1 1 132.133 1 0 9 

70.439 1 1 5 101.499 2 0 7 132.788 3 3 3 

70.524 2 2 0 101.996 4 0 4 134.370 3 1 7 

71.302 3 0 3 102.583 3 0 6 135.055 5 0 4 

71.731 2 2 1 102.749 3 1 5 136.220 5 1 0 

73.017 2 1 4 103.586 3 2 3 137.294 4 2 3 

73.615 0 0 6 104.258 4 1 2 137.898 5 1 1 

73.784 2 0 5 106.039 0 0 8 
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Table 6.5. The positions of potential X-ray diffraction peaks for "hexasanidine' if the cell parameters 
are taken as a = 0.5228 nm and c = 0.7818 nm and the unit cell is hexagonal primitive. 

28 h k 1 	28 h k 1 	28 h k 

11.309 0 0 1 

19.366 1 0 0 

22.482 1 0 1 

22.729 0 0 2 

30.031 1 0 2 

33.875 1 1 0 

34.385 0 0 3 

35.822 1 1 1 

39.316 2 0 0 

39.764 1 0 3 

41.040 2 0 1 

41.185 1 1 2 

45.892 2 0 2 

46.421 0 0 4 

49.041 1 1 3 

50.745 1 0 4 

52.849 2 1 0 

53.206 2 0 3 

54.232 2 1 1. 

58.247 2 1 2 

58.694 1 1 4 

59.028 0 0 5 

60.610 3 0 0 

61.879 3 0 1 

62.417 2 0 4 

62.739 1 0 5 

64.584 2 1 3 

65.601 3 0 2 

69.826 1 1 5 

71.276 2 2 0 

71.578 3 0 3 

72.447 2 2 1 

72.479 0 0 6 

72.946 2 1 4 

73.244 2 0 5 

74.667 3 1 0 

75.818 3 1 1 

75.849 1 0 6 

75.916 2 2 2 

79.236 3 1 2 

79.624 3 0 4 

81.589 2 2 3 

82.455 1 1 6 

83.192 2 1 5 

84.567 4 0 0 

84.854 3 1 3 

85.684 4 0 1 

85.714 2 0 6 

87.211 0 0 7 

89.025 4 0 2 

89.406 2 2 4 

89.692 3 0 5 

90.454 1 0 7 

92.649 3 1 4 

94.305 3 2 0 

94.592 4 0 3 

95.422 3 2 1 

95.452 2 1 6 

96.955 1 1 7 

98.785 3 2 2 

99.461 2 2 5 

100.234 2 0 7 

100.850 4 1 0 

101.985 4 1 1 

102.016 3 0 6 

102.472 4 0 4 

102.765 3 1 5 

104.038 0 0 8 

104.466 3 2 3 

105.420 4 1 2 

107.406 1 0 8 

110.329 2 1 7 

111.283 4 1 3 

112.206 2 2 6 

112.688 3 2 4 

112.998 4 0 5 

114.350 1 1 8 

114.492 5 0 0 

115.721 5 0 1 

115.754 3 1 6 

117.425 3 0 7 

117.962 2 0 8 

119.487 5 0 2 

119.926 4 1 4 

121.853 3 3 0 

123.172 3 3 1 

124.087 3 2 5 

124.933 0 0 9 

125.755 4 2 0 

126.108 5 0 3 

127.138 4 2 1 

127.176 4 0 6 

127.257 3 3 2 

128.991 1 0 9 

129.074 2 2 7 

129.690 2 1 8 

131.451 4 2 2 

132.347 4 1 5 

133.386 3 1 7 

134.626 3 3 3 

136.486 5 0 4 

137.933 1 1 9 

138.747 3 0 8 

138.944 5 1 0 

139.381 4 2 3 

EC 



6.4 Conclusions 

The unit cell parameters for 'sanidine hydrate" do not vary systematically with 

pressure and temperature of synthesis. The range in values is small with the mean 

values for the cell parameters being a = 0.5337 (±0.0003) nm, c = 0.7714 (±0.0009) 

nm, V = 0.1903 (±0.0002) nm3  and c/a = 1.445 (±0.002). This seems to imply that 

there is no variation in the water content over the pressure and temperature range 

studied, however, the maximum variation cannot be large as the cell parameters of 

"hexasanidine", which contains no structural "water", are not very different to those 

for "sanidine hydrate". The cell parameters of "hexasanidine" are a = 0.5288 

(±0.001) nm, c = 0.7818 (±0.0005) nm, V = 0.1895 (±0.0001) nm3  and c/a = 1.478 

(±0.0001). The difference in cell parameters between samples with an average water 

content of 0.83 moles per formula unit ("sanidine hydrate") and samples with no 

water in their structure ("hexasanidine") are a = -0.0049 and c = 0.0104. Hence any 

slight variation in the cell parameters as a result of variation in the water content may 

well be hard to detect. The fact that "hexasanidine" can be synthesised means that the 

water content of "sanidine hydrate" can vary but does not appear to do so 

significantly for the pressure and temperature range studied. 

If these cell parameters are compared with those calculated by Viswanathan et al 

(1992) (Fig. 2.9, Chapter 2), for cymrite and hexacelsian, the "sanidine hydrate" and 

"hexasanidine" analogues respectively, it can be seen that the values are similar and 

that the dehydration of "sanidine hydrate" also results in a contraction in the a 

direction but an expansion in the c direction of the unit cell (Table 6.6). 

Table 6.6. A comparison of the cell parameters for 'sanidine hydrate", "hexasanidine", cymrite and 
hexacelsian. Data for cymrite and hexacelsian is taken from Viswanathan et al. (1992) 

a 	change 	c 	change 

"sanidine hydrate" 0.5337 0.77 14 

"hexasanidine" 0.5288 } 	-0.0049 	0.7818 	} 	0.0104 

cymrite 0.534 0.769 

hexacelsian 0.530 } 	-0.004 	0.778 	} 	0.008 
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7.1 Introduction 

In the previous chapters new data on the properties of the phase "sanidine hydrate" 

and constraints on its reaction to form sanidine and water have been described 

(reaction 1). 

KA1Si308.nH20 = KA1Si308  + nH20. 

"sanidine hydrate" = sanidine + water. 

In theory these data can be used to evaluate some of the thermodynamic parameters 

associated with this reaction (1), and thus to calculate the pressure-temperature locus 

of the reaction outside the range of the experimental brackets and to predict the 

position of further reactions. 

This chapter describes attempts to estimate the thermodynamic parameters of 

enthalpy and entropy of the reaction of "sanidine hydrate" to form sanidine and water 

(1) using new data reviewed below (see next section). The thermogravi metric data 
did not give sufficiently well-constrained results to describe the regular variation of 

structural H20 in "sanidine hydrate". The thermodynamics of the dehydration of 

"sanidine hydrate" to form "hexasanidine" are considered. This shows more clearly 
that the thermogravimetric data were insufficient and not of good enough quality to 

calculate isopleths of constant structural "water" content on a pressure-temperature 

graph. 

Two methods of thermodynamic analysis of reaction (I), which assumed no variation 
in the water content, were therefore attempted and are described below. The first is 
that as described by Chatterjee (1991) and calculates the average enthalpy and 

entropy over the region of the experimental brackets. The method takes no account of 
the variation of the heat capacity with temperature. Thus these figures cannot be used 

to extrapolate far beyond the experimental range. The second method takes into 

account the variation of the heat capacity of the reaction with temperature which 
should allow the extrapolation of the reaction on a pressure-temperature graph to be 

extended further than with the first method. However, in this case the data were not 

of a sufficient quality to make this method a significant improvement on Chatterjee's 
method. Both these methods were limited by the quality of the data. Ideally the 
reversal brackets should cover a larger temperature range, limit the reaction to a 

smaller pressure bracket and be at more frequent temperature intervals. In this 

instance it was not possible to improve on the- data, as at higher temperatures the 

sample would be at least partially molten (Goldsmith and Peterson 1990) and at 
lower temperatures the duration of the experiment would be impracticably long. The 

size of the pressure bracket was as narrow as could be measured accurately with the 

solid media apparatus (see Section 3.3.4). 
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7.2 Review of the new data acquired in this study 

Chapter 4 presented the results of reversal experiments on the reaction 

KA1Si3O8.nH20 = KAISi308  + nH20. 
	 (1) 

"sanidine hydrate" = sanidine + water. 

These experiments limited the equilibrium position of the reaction to lie within four 

pressure-temperature brackets. If the error in measuring the pressure is taken into 

account then the reaction must lie between 2.30 GPa and 2.55 GPa at 450°C, 2.33 

GPa and 2.63 GPa at 550°C, 2.60 GPa and 2.80 GPa at 650°C and 2.63 GPa and 2.76 

GPa at 680°C. 

In addition the water content of "sanidine hydrate" was measured by 

thermogravimetric analysis. The results of that investigation are listed and discussed 

in Section 5.3. The water content of "sanidine hydrate" did not appear to vary 

systematically with the pressure and temperature of synthesis (see Section 5.3 and 

Table 5.1). The lack of systematic variation in the measured structural "water" 

contents meant that calculations of the thermodynamic properties of the dehydration 

of "sanidine hydrate" was not possible (see Section 7.5). Taken together the samples 

gave an average water content of 0.83 molecules per formula unit, with a large 

margin of error. The error may have been the result of a variety of potential 

contaminants. Contaminants with no volatile component would cause the 

thermogravimetric samples to appear to have less water per formula unit of "sanidine 

hydrate". Therefore it was considered possible that the water content could be as 

much as one molecule per formula unit, comparable to that of cymrite. 

Here the two cases are considered where n, the number of molecules of H20 per 

formula unit of "sanidine hydrate", first has the average value of 0.83, taken from the 

thermogravimetric weight losses, and second if the thermogravimetric samples were 

strongly contaminated, when n = 1. 

In the first case when n = 0.83 equation (1) becomes 

KA1S608.0.831120 = KA1Si308  + 0.83H20, 	 (2) 

or alternatively if n = I, 

KAISi308.H20 	= KA1Si308  + H20. 	 (3) 

Finally in Chapter 6 the unit cell volume of "sanidine hydrate", calculated from 

powder X-ray diffraction, was found to be 0.1903 nm3. 
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7.3 List of symbols used in Chapter 7 

The symbols used in the thermodynamic calculations in this chapter are listed below. 

ACP 	= Heat capacity change of the reaction at fixed pressure, 

f(H20) = Fugacity of water at T and P, 

AG(r) TY = Molar Gibbs energy change of the reaction at T and P. 

T.P = Molar enthalpy change of the reaction at T and P. 

= Average molar enthalpy change of the reaction over the bracketed 

temperature range, 

AS(r) T,P = Molar entropy change of the reaction at T and P, 

LS 1)1  = Average molar entropy change of the reaction over the bracketed 

temperature range, 

= Molar volume change of solids at T, 

a 	= Coefficient of isobaric thermal expansion, 

= Coefficient of isothermal compressibility, 

K 	= Equilibrium constant of the reaction, 

n 	= Number of moles of H20 used in reaction (1), 

P 	= Pressure (calculations use bars apart from the fugacity polynomial), 

R 	= Gas constant, 8.3143 J K'mol', 

T 	= Temperature (calculations in Kelvin). 

a(P), b(P), c(P) = Temperature coefficients, expressed as a function of pressure, 
in the fugacity polynomial (equation 5) for RTlnf(H20) 

expression for the Gibbs energy involving only the terms with 
errors that need to be propagated in the pressure-temperature 
extrapolation of the reaction 

= propagated error in G*(r),, 

aT 	= propagated error in the temperature position of the reaction 

Conventionally a represents a standard deviation but in this work there were not 

enough data points to justify calculatinga standard deviation and therefore the values 

of a represent the maximum and minimum variation. The values quoted should be 

greater than the standard deviation and roughly equivalent to 2a or 3a. 
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7.4 General theory and assumptions 

For an ideal solution involving solids and fluids a general equation for the change in 

free energy of a reaction (e.g. Spear, 1993, Chatterjee, 199 1) would be 

T 	 • 	T 
LiG(r)=MI(r)l298  + I LC,,dT - ThS(r)1298  - T f 

AC  
J298 T 

+ (P-1)(AV°298+ (av:298)(T-298) - A(13v:298)P/2) 	(4) 

+ nRTlnf(H2 0) + RTInK 

The symbols used in this equation are listed in Section 7.3. 

In this case it will be assumed that the volume change of the solids with pressure and 

temperature is negligible as there are no data on the compressibility (13) and thermal 

expansion ((x) of "sanidine hydrate". This may be a rash assumption since these 

values in other devolatilisation reactions can become quite significant at high 

pressures (Powell and Holland, 1985). LV298  can be calculated from the unit cell 

volumes measured by powder X-ray diffraction (Chapter 6). 

Molar volume of "sanidine hydrate" = unit cell volume x Avagadro's number 

	

= 	0.1903 x 6.022 x 1023  nm3  

	

= 	1.146 x 1023  nm3  

= 11.46Jbar* 

The unit cell for sanidine has a volume of 0.7229 nm3  (Smith and Brown, 1988). 

This unit cell has a C2/m structure containing four formula units per unit cell. The 

primitive cell would therefore have a volume of 0.1807 nm3. 

Molar volume of sanidine = 1.088 x 1023  nm3  

= 10.88 Jbar'. 

Therefore for the order the equation is written in (1), where "sanidine hydrate" is the 

reactant AV, 298 = - 0.58 Jbar'. 

In Section 7.5 the dehydration reaction of "sanidine hydrate" to form "hexasanidine" 

(equation 7) is considered. It is probable that "sanidine hydrate" has a variable water 

content but the thermodynamic data were inadequate and hence the variation with 

pressure and temperature is not known. Therefore the best approximation available 

for calculation of the thermodynamic properties of the reaction between sanidine and 

water to form "sanidine hydrate" (equation 1) is to consider the case where "sanidine 

hydrate" shows no variation of this water content with pressure and temperature. 



Thus two cases are considered here. In the first case (equation 2) the average value 

for the water content of "sanidine hydrate", of 0.83 molecules of H20 per formula 

unit, was used. In order to see how a different water content affects the values 

obtained a second case was evaluated in which "sanidine hydrate" contains 1 

molecule of H20 per formula unit (equation 3). This value might be the maximum 

possible water content of "sanidine hydrate". Since in both the cases considered in 

equations (2) and (3) the composition of "sanidine hydrate" does not change the 

phase can therefore be considered as pure, showing no solid solution. In this case the 

equilibrium constant K for the reaction will be of value 1. Hence RT1nK = 0. This 

assumption may not be valid outside the pressure-temperature range studied. 

RTlnf(H20) can be calculated at various pressures and temperatures from the fugacity 

polynomial for H20 of Holland and Powell (1985), as shown in equation (5), which 

is valid up to 3.0 GPa. Temperatures used must be in Kelvin and pressures in 

kilobars. 

RTlnftH20) = a(P) + b(P)T + c(P)T2 	in kimol-' 	(5) 

where: a(P) = a, + a2P + a3 P2 + a4P' + a5 P-2 

b(P) = b, + b4 P-2 

C(P) = c, + c2P + C3 P-2 + c4P 0'5  + c5P' + C6 P-3 

and: 

a, =-40.388 b, = 0.117372 	 c1  =-7.3681 x 106 

a2= 1.6474 c2 = 1.10295 x iO 

a3  = -0.0062115 c3 = -9.8774 x 10 

a4  = 2.0068 b4 = -0.0004671 	c4  = -2.4819 x 10 5  

a5  = 0.0562929 c5  = 8.2948 x 10-6 

C6 = 8.33667 x 10-8 

Equation (4) thus reduces to 

T 	 0 

G r)=LH r)l298  + I iCdT - TLS(r)I298  - T IT 
AC  

J298 	 J298 T 

(6) 

+Av°298  (P — I) + nRTlnf(H20) 

where the unknowns areH r)I298  LS(r) 298  and AC E . 
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7.5 Thermodynamics of the "water" in "sanidine hydrate" 

It was shown in Section 5.3 that the water content of "sanidine hydrate" could vary, 

as it was possible to dehydrate it to form an anhydrous phase with a similar structure 

and cell parameters. Attempts to find a systematic variation in the water content with 

pressure and temperature of synthesis did not appear to give useful results. However, 

it would be interesting to see if this water content data did show any systematic 

variation by calculating the thermodynamic parameters of the dehydration of 

"sanidine hydrate" (reaction 7). If the therrnogravimetric data were systematic the 

thermodynamic parameters might be reasonably similar to those for the dehydration 

of cymrite to form hexacelsian. 

KA1Si3O8 	+ nH20 = KAISi3O8.nH20. 	 (7) 

"hexasanidine" + water = "sanidine hydrate". 

where n lies between 1 and 0 as shown in Chapter 5 and is assumed to be a 

continuous ideal solid solution between these values. 

Taking the standard states at the pressure and temperature of interest and the 

maximum solubility of water as n = I, then equation (4), at equilibrium, can be 

rewritten as 

AG*  )= 	—TAS + V°  (P-1)—RTlnf(H20) + RT1nK=0. (8) ( 
(r),T 	 S 298 

where K = XI(1-X) and X is the mole fraction of the hydrous KA1Si3O8.H20 end 

member and may be calculated for each thermogravi metric datum from Table 5.1. 

AV "S,298  for reaction (7) calculated from the change in cell parameters is -0.0008 nm3  

and may be ignored. 

Rearranging equation (8) gives 

AH 
(r)IT AS - Rln(IM _+RTlnf(2 	 (9) 

T 	(r) LT 
	 T 

The function for RTlnf(H20) is known from the fugacity polynomial for water given 

in equation (5). If (RTlnf(H20))/T is calculated for each of the points at which X is 

known, a plot of the right hand side of equation (9) against lIT should show a linear 

correlation with a slope of 	and an intercept at lIT = 0 of iSr)IT.  These 

values should be the enthalpy and entropy, respectively, of reaction (7). The results 

are shown in Figure 7.1. 
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26). The slope of the best fit straight line is 	and the intercept at 111' = 0 is 

The correlation shown in Figure 7.1 is not good and therefore the values determined 

from the best fit line should be treated with caution. The best fit line, determined by 

linear "least-squares" regression, gives values of -20119 (±40900) Jmol-' for AH 

and -124.34 (±48.04) JK-'mol' for Sr)T  The errors in these measurements are the 

standard deviation in the points from the line. The values for the barium analogue 

reaction between cymrite and hexacelsian were AH 	= -59000 (±3000) Jmol-' and 

= -133.47 (±3.2) JK-'mol* These respective values for the "sanidine 

hydrate"- hexasanidine and cymrite-hexacelsian reactions are reasonably similar to 

each other, although the errors are considerably larger for the values calculated here. 

It is possible to calculate isopleths of constant water content if these values for 

and 	Sr)IT 

o 	

are put back into equation (9). If the fugacity polynomial from LH(r )IT   

equation (5) is also put into equation (9) it can be rewritten as 

0 = c(P)T + (AS )IT  - Rln(1 	+ b(P)) + a(P) 
—LO  

	

H)l,T 	
(10) 
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where a(P), b(P) and c(P) are the coefficients of temperature from the fugacity 

polunomial. 

If equation (10) is multiplied throughout by T it gives a quadratic equation in T as 

shown in equation (11) 

0 = c(P)T2  + (L.S(r)lT - Rln(1 	+ b(P)JT + (a(P) - LH(r)lT ) 	 (11) 

At each value of X chosen, this equation will result in two solutions for temperature 

for each value of pressure. One set of the solutions should be a reasonable 

explanation of the thermodynamic data. If different values of X are chosen a plot of 

isopleths of constant water composition can be drawn for each value of X. If the 

mean values for the enthalpy and entropy are used the resultant plot would look 

similar to that for the dehydration of cymrite, calculated by Graham et al. (1992), and 

shown in Figure 2.7 in Chapter 2. However, the errors in the enthalpy and entropy 

are too large to make a plot like this useful. If the errors in the enthalpy and entropy 

are propagated, using the same techniques as described in section 7.6.1, to calculate 

the standard deviation in the temperature position of the reaction () for each of the 

isopleths the errors are large. For example cYT is 300°C at 100°C and 400°C at 

1000°C. 

The values for the enthalpy and entropy of the "sanidine hydrate" to hexacelsian 

transformation, calculated above, were therefore not considered to be adequate for 

use in the calculation of the thermodynamic properties of the reaction between 

sanidine and water to form "sanidine hydrate". Hence the water content of "sanidine 

hydrate" was assumed to be constant in the calculations described in the subsequent 

sections. The effect of the structural "water" variation in cymrite did not alter the 

pressure-temperature position of the reaction substantially and therefore the 

assumption of constant water content in "sanidine hydrate" should result in a reaction 

position not far removed from the true one in the range of the experimental brackets. 
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7.6 Chatterjee's method 

The method of Chatterjee (1991) calculates the average enthalpy LH(r)T  and 

average entropy LS(r)<T>  over the pressure and temperature range of the experiments, 

and thus equation (6) can be rewritten as 

-TAS(r)T 	LW + 298  (P — i) + nRTlnf(H20). 	(12) 

At equilibrium AG(r)  = 0 so equation (12) becomes 

T/.Sr)T  - AH(r) T  = '':298 (P—i) + nRTlnf(H20) . 	 (13) 

This method avoids knowing the heat capacity function of the reaction but means 

that the variation of 	and ISr)  with temperature is not known and therefore will 

result in some uncertainty in the extrapolation of the pressure-temperature curve. 

In order to calculate AH, 	and ASo 	the right hand side of equation (13) is 

plotted against temperature for each of the reversal brackets. The values of pressure 

taken for the reversal brackets include the uncertainty in the pressure measurement 

i.e. the brackets are the widest possible pressure variation. The plotted points derived 

from equation (13) should lie on either side of an equilibrium line. The "best fit" line 

determined by linear least squares regression should have a slope of 	and an 

intercept of The two cases when n = 0.83 (black) and when n = I (grey) 

are shown in Figure 7.2. The best fit straight lines through the centre of each bracket 

have a correlation coefficient of 1. For n = 0.83 AS°(r)<1> = 92.75 JK'mol-t and 

= 18107 Jmol'. When n = 1, however, AS 	= 113.25 JK-'mol- t and (r)<T>  

= 20023 Jmol'. 

The error in these values can be determined by calculating the shallowest and 

steepest lines which lie between the limits of the brackets as shown in Figure 7.2. 

The slopes and intercepts of these lines represent the maximum possible variation in 

the enthalpy and entropy respectively as they include the pressure uncertainty. The 

uncertainty in the temperature measurement was not taken into account because the 

uncertainty in the temperature is relatively small in comparison to the pressure 

uncertainty and hence its effect would only reduce the error in the calculated 
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enthalpy and entropy if the errors were propagated. The maximum error in 	is 

±8 JK-'mol' and the maximum error in H° is ±7000 Jmol' when n = I. (r)<T> 

9 

shallowest: y = - .3047.5 + 105.1 Lx 
y=_20023.00+ 113.25, r= I 
steepest: y = -25854.86 + I 19.83x 

n=0.83 
shallowest: y=-13104.97+86.91x 

y=-18107.03+92.75x. r= I 
steepest: y = -22295.28 + 97.48x 

4L_ 
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Fig. 7.2. Chatterjees method for determiningSr)T and AHr)T  of reaction I. 	is given by 

the slope of the straight line andAHr)T  is the intercept. The.error in these figures is calculated from 

the lines of maximum and minimum gradient that fit between the brackets. r is the correlation 
coefficient of the best fit straight line through the centre of each bracket. 

It is of interest to see how these values would affect the pressure and temperature 

extrapolation of the reaction outside the experimental range. If these values for 

S;r)T and AHrT> 
o 	

are put back into equation (13) the position of the reaction can 

be evaluated at other pressures and temperatures. Given the lack of information about 

AC this extrapolation will not be reliable outside the bracketed region. 

Equation (13) can be written as 

0 = nc(P)T2  + (nb(P) - ASr)T )T + LH(r) T  + 	(P — I) + na(P) 	(14) 

where a(P), b(P) and c(P) are the pressure function parts of the RTlnf(H20) 

polynomial. 
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This is a quadratic equation which will always result in two values for each pressure 

chosen. However, only one of these two sets of numbers will pass within the reversal 

brackets and it is this set which is the relevant solution. 

Figure 7.3 shows the pressure versus temperature curve for the reaction determined 

in this way. The two cases when n = I and n = 0.83 are almost coincident on the 

pressure-temperature graph. 
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3.6 

3.4 
	 "sanidine hydrate" 

3.2 
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2.4 
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2.0 

200 	400 	600 	800 	1000 	1200 	1400 
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Fig. 7.3. Extrapolation of the reaction between sanidine and water to form "sanidine hydrate" 
(reaction 1, solid line) to pressures and temperatures outside the reversal brackets shown. The two 
cases where n = I and n = 0.83 are coincident on this plot. This method assumes the unlikely 
condition that the enthalpy and entropy do not change with pressure and temperature. 
The maximum error in the value of the temperature (a1) at any equilibrium pressure is shown by the 
dotted lines (see Section 7.5.1). The extrapolated reaction could lie anywhere within the shaded area if 
only the calculated values for the enthalpy and entropy are taken into account. 

7.6.1 Error propagation 

In the previous section the values of the average enthalpy and entropy over the 

bracketed region were calculated. In addition the errors for these two figures were 

estimated. The extrapolation of the pressure-temperature position of the reaction was 

then shown in Figure 7.3, ignoring the variation of the change in heat capacity 

function of the reaction with temperature. The uncertainties in the enthalpy and 
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entropy measurements will result in a similarly large error (a1) in the temperature 

position of the reaction shown in Figure 7.3. This error can be evaluated by 

propagating the previously determined uncertainties in the enthalpy and entropy, 

using the methods of Chatterjee (1991). 

If it is assumed that the quantities iV 298  and RTlnftH20) are known exactly then 

equation (12) can be rewritten as 

AG* - TLS(r)1  + LV298(P - 1)+ c 	 (15) 

where C includes all the terms with no errors. 

A general equation for the propagation of errors of a function f(u,v) is 

2 	2 
2 (8X\ 2  (6x\ 2 	 (Ox' (Ox" 

	

=1 - I a +1 - I a +2PuvuavIj_Jj_J 	 (16) 
Ou) 	v,1  

where a is the standard deviation of a variable and Puv is the correlation coefficient of 

variables u and v (Chatterjee, 1991). 

If AG*  is considered as /G* = f(T,P) then using equation (16) 

2 	(oAo2 2  (OAGfl2 
Cr 

= OT 
)GT+ 	

p 
(17) 

as P and T are non-covariant. 

In order to solve for IT at any given equilibrium P (for which (Tp = 0) and by taking 

the derivative of equation (15) with respect to T, equation (17) can be rearranged to 

give 

IT 
	0 
	 (18) 

can be determined by considering equation (15) as G* = f(/H r)<T> ,LS r)<T> ) 

and applying equation (16) to it i.e. 

a AG' 	8LH<1> ) P A  

( OLG 
2 

+1 	ia2  + 
&S <T> ) P 

(19) 
MG0 " (MG 

a H T, aS<T, 	
<T> J p 8AH.,T>)p 
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If equation (19) is evaluated using the partial differentials of equation (15) and then 

substituted into equation (18) the error in the temperature position of the reaction 

calculated from the values of iH° 	and LS° 	alone is (r)<T> 

0.5 

{ 	+ T2GT, - 2TpH1,1> 	QST, I 	(20) aT 
= 

As the greatest possible deviation of AHr)<T>  and 	is known, the standard 

deviation must be less but with so few data points available it is meaningless to 

attempt a calculation of this deviation. 

"We might also comment that if the difference between N and (N-I) ever matters to you, 
then you are probably up to no good - e.g. trying to substantiate a questionable hypothesis 
with marginal data." 

Press et al (1992) page 605 

In this case N = number of data points = 4 and hence the maximum deviation was 

used in these calculations rather than the standard deviation 

If aT is calculated using the largest deviation in the enthalpy and entropy instead of 

the standard deviation the extrapolated pressure temperature position of the reaction 

must lie between the two dotted lines within the shaded area shown in Figure 7.3. 

The shaded area represents all of the potential positions of the reaction that could be 

calculated from the enthalpy and entropy values calculated in the previous section if 

the positions of the bracketing experiments are not taken into account. In the region 

of the brackets the position of the reaction is, of course, further restricted to lie 

between them. 
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7.7 An alternative method 

It is possible to take account of the heat capacity change of the reaction tC without 

direct measurement of the heat capacity function of "sanidine hydrate" (CpsH). In 

theory this should improve the extrapolation of the reaction to pressures and 

temperatures outside the reversal brackets as it does not assume that the heat capacity 

of the reaction (C) does not vary with pressure and temperature. In practice, 

however, the data are not of a sufficient quality to make this method any more 

reliable. The method is explained below. 

At equilibrium, reaction (6) becomes 

T 	 I 
O=H° 	+ 1 t1CpdTTLS(r)298T1 ACPdT (r)1298 	298 .1298 T 	 (21) 

+AV,°298  (P — i) + nRT In f(H 20). 

If we set 

I 

AG:r)lT =AH r)I2g8  + I LC pdTThS(r)I298  - TIT ACPdT 	 (22) 
J298 	 J298 T 

then at equilibrium if equation (22) is substituted into equation (6) 

AG(r)IT  = — AV, 298 (P—I)— nRTln f(H20). 	 (23) 

If equation (22) is differentiated twice with respect to temperature at constant 

pressure we get 

82 	
ACP 

_(r) (r)i-r)P 	T 

AC = — T
82  

8T 2 
----(LGf)lT )p (24) 

Therefore the heat capacity of the reaction can be determined by differentiating 

equation (22) twice with respect to temperature at constant pressure. 

Rewriting equation (23) using the polynomial for the fugacity of water we get 

G r)IT  = — AAv 298  (P - i)— n(a(P)+ b(P)T + c(P)T2 ) 

which can be differentiated twice with respect to temperature at constant pressure to 

give 
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82 

—(AG(', )p)" = (-2nc(P)) . 	 (25) 
T2  

Therefore the heat capacity function of the reaction can be obtained by substituting 

(25) into (24) i.e. 

Acp  = (-2nc(P)T). 	 (26) 

In order to solve equation (2 1) we need to know 

fT  ACdT= fT (2nc(P)T)dT = [_ nc(P)T2 1
298
T 	 (27) 

J298 	J298 

and 

fT 
AC 

 dT = fT (-2nc(P))dT = [—nc(P)T]'98. 	 (28) 
J298 T 	298 

If these are then put back into equation (2 1 ) we get 

TAS' 	—AH° 	= 2nc(P)T 2  + (nb(P) — 2x298nc(P))T (1)1298 	(r)i 298 
(29) 

+na(P) + Av:298 (P - 1). 

If the right hand side of equation (29) is plotted for each of the pressure, temperature 

conditions of the reversal brackets then the "best fit" straight line which passes 

between these points should haveAH r)1298  as the intercept and AS 1)1298  as the 

slope. 

The result is shown in Figure 7.4 for the two cases where n = I (grey lines) and n = 

0.83 (black lines). The best fit straight lines through the centre of each bracket have a 

correlation coefficient of 1. For n = 0.83 AS° 	= 85.01 JK'mol' and i..H' 	= (r)<T> 	 (r)<T> 

13199 Jmol* When n = 1, however, AS, 	= 103.92 JK-'mol' and AH° 	= (r)<T> 	 (r)<T> 

14110 Jmol'. The errors in estimating AH 1)1298 , and AS 1)1298  can again be evaluated 

by calculating the lines of maximum and minimum gradient that pass through the 

data points. The maximum deviation of AH 1)1298  is 7000 JmoF' and of AS 1)1298  is 

8.5 JK'moi' when n = I 

Comparing the values of Figures 7.2 and 7.4 in Table 7.1 it is evident that the two 

methods show similar values for AH° 	, and AH° 	, and AS' 	and AS' (r)1298 	(r)<T> 	 (r)1298 	(r)<T> 

for both methods of calculation. 
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Fig. 7.4. Method for determining AHr)I$  and 	of reaction l 
 M 1.298 

	 is given by the slope 

of the straight line and Hr) 	is the intercept. The error for these figures is calculated from the 

lines of maximum and minimum gradient that fit between the brackets. r is the correlation coefficient 
of the best fit straight line through the centre of each bracket. 

Table 7.1. A comparison of the values of enthalpy and entropy calculated from Chatterjees method 
and the alternative method which takes account of the heat capacity of the reaction for the reaction 
between sanidine and water to form "sanidine hydrate'. 

Chatterjee's method Alternative method 

n=0.83 	
AH* AH= 18107.03 Jmol (.r) 1,298 = 13198.84 Jmol 1  

+4188.25 +4380.13 
-5002.06 -5913.33 

LS(r )<T>  = 92.75 JKmol LS(r)I298 = 85.01 JKmol' 

+4.73 +4.93 
-5.84 -6.11 

n=1 
= 20023.09 Jmol LH(r)1298 = 14109.61 Jmol 

+5831.77 +6062.95 
- 6976.59 - 7206.03 

=113.25 JKmol' LS(r)I298  =103.92 JK 1 mol 

+ 6.58 +6.82 
-8.14 -8.47 
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If these values for and LS r)J298  are put back into equation (29) then a 

quadratic equation in T is generated i.e. 

0=2nc(P)T2  +(nb(P)-2x298nc(P)-iS° )T (14298 	
(30) 

+na(P) + v:298 (P - 1) + AI-I(1)1298 . 

If equation (30) is solved for chosen temperatures two sets of solutions will be found. 

The set chosen as the solution would be the one which passes through the reversal 

brackets. In theory if the reversal brackets were good equation (30) would produce an 

improved extrapolation of the reaction at pressures and temperatures outside the 

range of the reversal experiments. The solid line in Figure 7.5 shows the extrapolated 

position of the reaction using this method. The error in the temperature position of 

the reaction () would be of a similar order of magnitude to that determined for 

Chatterjee's method but slightly larger because the errors in LH r)1298  and LS r)i298  

are a little larger. The position of the reaction determined using Chatterjee's method, 

shown by a dotted line in Figure 7.5, lies in a similar position to that determined here 

if the errors are taken into account. The only large difference occurs at low 

temperatures. 
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Fig. 7.5. The position of the reaction calculated from a method which does not assume that the 
enthalpy and entropy are constant with pressure and temperature. The reaction position determined 
using the methods of Chatterjee (Fig. 7.3) is shown for comparison. 
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7.8 Conclusions 

Thermodynamic analysis of the dehydration of "sanidine hydrate" was not feasible as 

the quality of the thermodynamic data was inadequate. If the water content of 

"sanidine hydrate" was presumed constant over the pressure-temperature range of the 

experiments, then the enthalpy and entropy of the reaction between sanidine and 

water to form "sanidine hydrate" could be calculated by two different methods. The 

results of these calculations are summarised in Table 7.1. The change in enthalpy of 

the reaction in the pressure-temperature range studied, where n has an average value 

of 0.83 molecules per formula unit, was found to be 18000 (±5000) Jmol- ' if the 

calculation methods of Chatterjee (1991) were used. The equivalent entropy was 

92.75 (±5.8) JK-'mo1 1 . The equivalent values for the reaction between celsian and 

water to form cymrite, using a similar method of calculation but when a variable 

quantity of water is considered, are 	= 37425 JmoI' and 	= 116.37 

JK'moF'. The values calculated in this study are similar to those calculated for the 

barium analogue as would be expected given the strong structural similarities. The 

value of the entropy is smaller then the entropy of the cymrite-celsian reaction. Since 

the change in volume of the solids calculated from the cell parameters in Chapter 6 is 

similar to the cell volume change in the barium system, the smaller entropy will 

result in a shallower gradient for the reaction from the Clausius-Clapeyron 

relationship 

dP = LS(r)  

dTAV(,) 

(31) 
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Chapter 8 

Geological significance of 

"sanidine hydrate" 
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8.1 Introduction 

In the preceding chapters a detailed study of the phase "sanidine hydrate" has been 

described. This chapter considers the possible geological conditions in which 

"sanidine hydrate" may occur. 

The reversal data on the reaction of sanidine and water to form "sanidine hydrate" 

were presented in Chapter 4. These data limit the stability field of "sanidine hydrate" 

to high pressures. At higher temperatures "sanidine hydrate" must melt. The position 

of this melting curve is constrained by the position of the wet melting of sanidine. 

Hence the pressure temperature stability field of "sanidine hydrate" is limited to low 

temperatures at high pressures. The geological occurrences of such low temperature, 

high pressure conditions may be rare. Evidence for these conditions from geotherms 

and rocks at the surface of the earth does exist but is not common. The occurrence of 

these conditions may be more common in subduction zones which are dynamic 

systems and therefore the variation in the conditions with depth is difficult to predict. 

Numerical simulations of subduction zones show some idea of the primary controls 

on the temperature-depth profile. 

The stability field of "sanidine hydrate" may also be changed by the presence of more 

components. This study only considered a simplified situation. Natural systems are 

much more complicated. The effect of the addition of extra components to the system 

is not known and therefore "sanidine hydrate" may form by other reactions than the 

one studied here. However, since the pressures and temperatures at which sanidine 

and water will react to form "sanidine hydrate" have been determined, the formation 

of "sanidine hydrate" by this reaction, on metamorphism, is restricted by the stability 

field of sanidine in the presence of water. Hence the reactions with other phases 

which would remove sanidine when in the presence of water at lower pressures need 

to be considered. 

Finally the likelihood of sanidine and water coexisting up to the pressures and 

temperatures required to form 'sanidine hydrate" in most common rock compositions 

is discussed. Granitic compositions are considered in more detail as these are perhaps 

the most probable protolith to contain "sanidine hydrate" on metamorphism and are 

also the most extensively studied. The occurrence of "sanidine hydrate" may also be 

further restricted in metamorphosed .granites by the presence of excess fluid or small 

amounts of melt. 
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8.2 Pressure-temperature stability field 

From the results previously shown in Chapter 4 the lower pressure stability limit for 

"sanidine hydrate" has been determined and correspondingly the upper pressure 

stability limit for sanidine in the presence of water. In order to see whether "sanidine 

hydrate" is indeed a realistic reservoir for water in the upper mantle and lower crust, 

we need to know more about its stability field. In particular it would be interesting to 

know what the higher temperature stability limit for "sanidine hydrate" is, i.e. the 

temperature at which it melts in the presence of excess water. It would also be 

interesting to know how the addition of other components and phases affects the 

extent of the field in which "sanidine hydrate" is stable. 

At higher temperatures "sanidine hydrate" should melt in the presence of excess 

water. At what temperatures this happens is not well known. However, the position 

of the wet melting curve of sanidine is known from the work of Goldsmith and 

Peterson (1990) (Fig. 8.1). The results of their experiments at high pressure were 

somewhat ambiguous. They discovered, at pressures in excess of 1.5 GPa, that melts 

do not quench to a coherent glass but to a fine grained granular brownish isotropic 

substance which they referred to as GIBIS (Granular Incoherent Brownish Isotropic 

Substance). Although identification of GUMS was difficult as it was indistinguishable 

from the melt phase it was nevertheless thought to be a vapour quench. This situation 

could be caused by the critical behaviour of the fluid at these pressures and 

temperatures which would make the vapour phase and the melt indistinguishable. 

Goldsmith and Peterson postulated that the presence of GIBIS could be due to the 

incongruent solubility of the sanidine or microcline starting material in the vapour 

phase at high pressure, and hence the melting of sanidine would no longer be 

univariant and a melting interval would be detectable. This would explain the 

occurrence of GIBIS and hence a melting interval over a fairly broad temperature 

range of over 130°C at 2.5 GPa. Despite these problems they drew a line (shown in 

Fig. 8.1) which was their best approximation for the liquidus, i.e. the temperature at 

which crystals could no longer be seen within the GIBIS. Above 1.5 GPa none of 

their experiments were wholly crystalline and the solidus position could not be 

determined 

In the synthesis and reversal experiments described in Chapter 4 carried out at similar 

pressures and temperatures to the experiments performed by Goldsmith and Peterson, 

there was no evidence for a phase which might have been GIBIS near the liquidus. 

However, all samples, from both synthesis and reversal experiments, contained 

material which was brownish and isotropic, but it was hard to tell if they were truly 
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isotropic as the birefringence in all of the crystals was extremely low and the crystal 

size in most runs was generally less than a micron. The brownish colour may simply 

have been the effect of an accumulation of crystals reducing the light transmitted. 

Even samples from the lowest temperature reversal experiments at 450°C contained 

this material and so it seems unlikely that this material is a product of melting. 

Investigation of some of the samples using scanning electron microscopy showed 

material which looked very much like Goldsmith and Peterson's GIBIS but again 

these were samples from well below the liquidus. 

Goldsmith and Peterson's liquidus line would intersect the 

"sanidine hydrate" = sanidine + water 

KAISi3O8.nH20 = KAISi308  + H20 	 (1) 

reaction line at approximately 700°C and 2.8 GPa. This would obviously restrict the 

position of the reaction: 

"sanidine hydrate" + water = liquid 

KA1Si308.nH20 + H20 = Liq 	 (2) 

to lying between the metastable extensions of the two reactions: 

sanidine + water = liquid 

KA1Si308  + H20 = Liq 	 (3) 

"sanidine hydrate" = sanidine + water 

KA1Si308.nH20 = KA1Si308  + H20 	 (4) 

as shown by the dotted lines in Figure 8.1 
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Fig. 8.1. A comparison of the results from the present study with the position of the liquidus as 
determined by Goldsmith and Peterson in 1990. Also shown is the position of the melting interval of 
Huang, Robertson and Wyllie (1973), although this is not a reversed reaction. 

Huang, Robertson and Wyllie (1973) experimented with a synthetic sanidine and 

water at pressures up to 3.5 GPa in order to investigate the melting behaviour. They 

did not reverse these experiments. At pressures where "sanidine hydrate" should form 

they did two stage runs in which they held the sample at 600°C and 3.5 GPa for 5 

hours to try, to crystallise "sanidine hydrate" before changing the temperature to see if 

it melted. They obtained melting between 750 and 765°C at 3.5 GPa, but this was 

their only data point. If this is the stable melting temperature it would restrict the 

position of the wet melting curve of "sanidine hydrate" (reaction (2)) to lying 

approximately in the position shown by the dashed line at the top of Figure 8.1. 

Ryabinin et al. (1965) claimed to have found "sanidine hydrate" stable over the entire 

pressure-temperature range of their studies between 6.6 to 7.9 GPa and 500 to 

2300°C. This would suggest a shallower gradient in the dashed line of Figure 8.1 

than was suggested by Huang, Robertson and Wyllie (1973) but extrapolation from 

such high pressures and temperatures is probably unreliable. However, wherever this 

curve is placed, the stability field of "sanidine hydrate" is restricted to being at 

temperatures of less than the order of 700-1000°C in the pressure range of 3.0-4.0 

GPa. 
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8.3 Geological setting 

The geological environment where these pressure, temperature conditions required to 

form "sanidine hydrate" (shown by a shaded box in Figure 8.3) could exist would 

have to be at depths in excess of 60 km. The temperature required would have to be 

relatively low (possibly less than 700-10000C), compared with an average 

geothermal gradient, for these depths. Pollack and Chapman (1977) calculated a 

series of geothermal gradients for oceanic and continental settings. Although these 

figures are unrealistic when extrapolated to great depths, theoretically, to reach the 

"sanidine hydrate" field would only be possible in a continental setting with a heat 

flow of less than 40 mWm 2  (approximately equal to 6.5°Ckm 1 ). These conditions 

are probably abnormal, although calculated estimates from various provinces have 

shown that it is possible to achieve low heat flows. Pollack and Chapman show some 

examples of calculated mean heat flows. The Niger province has the lowest mean 

heat flow of 20 +I 8 mWm 2  which should be low enough to form "sanidine hydrate" 

at depth given the right bulk composition. There are also other provinces with mean 

heat flows of 40 rnWm 2  which would possibly be just on the boundary of producing 

"sanidine hydrate". For example: 

Canadian shield 39 +1- 7 mWm-2, 

Western Australia 39 +1- 8 mWm-2, 

Sierra Nevada 39 +1- 12 mWm 2, 

Baltic Shield 36 -i-I- 8 mWm-2. 

Very low geothermal gradients have also been calculated for some xenoliths in 

kimberlite pipes, for example lherzolite xenoliths in the Udachnaya kimberlite pipe 

from Siberia (Boyd 1984). Although these formed at much higher pressures and 

temperatures than those at which "sanidine hydrate" could form, they would lie on a 

geothermal gradient of about 40 mWm* If xenoliths had been extracted from 

shallower levels in crust formed with the same geothermal gradient, they may well 

have contained "sanidine hydrate" if there was a sufficiently high water content. 

Sanidine and coesite have also been found to occur in eclogite nodules in kimberlite 

pipes in the Roberts Victor mine in Kimberly, South Africa. These eclogite nodules 

are thought to have formed in pressure-temperature conditions in excess of 2.9 GPa 

and 900°C (Smyth and Hatton, 1977). 

A more probable situation where these low temperature, high pressure conditions 

may exist would be in subduction zones rather than the continental shield areas 
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measured by Pollack and Chapman. Not only are low geothermal gradients more 

probable in subduction zones but there is more likelihood of there being a fluid or 

some hydrous minerals present, which could supply the water required for the 

reaction (1) to occur. Even in subduction zones a geothermal gradient of less than 6.5 

°Ckm' may be hard to produce. There are very few examples of such conditions 

found on the surface of the earth, although this is probably mostly due to the 

difficulty of bringing these rocks to the surface without severe retrogression which 

would overprint all of the original features. Schulze and Helmstead (1988) favoured 

the argument that the coesite-sanidine eclogite nodules from kimberlites were formed 

by subduction and prograde metamorphism of tholeiitic oceanic crust rather than by 

fractionation of basaltic magma. Green and Ringwood (1967) showed that, using 

experimental data, this metamorphism of basalts to produce sanidine and coesite was 

possible (see Section 8.5). 

Relics of what may be ancient subduction zones, which show pressure temperature 

conditions almost sufficient to form "sanidine hydrate", have been found. The Dora 

Maira massif in the Western Alps was formed at very low geothermal gradients of 

possibly 7-8°Ckm-1  (= 40 mWm 2) at 2.8-3.5 GPa and 700-800°C (Schreyer, 

Massonne and Chopin 1987). This might be on the very edge of the stability field of 

"sanidine hydrate" (see hatched region in Figure 8.4). However, the bulk composition 

of the Dora Maira rocks (Fig. 8.2) would prevent sanidine, and hence "sanidine 

hydrate", from forming even if there were enough water present. Therefore it should 

be possible to subduct rocks into the "sanidine hydrate" stability field. 

A 

Fig. 8.2. An A1203-K20-FeO plot to show that the composition of the Dora Maira rocks cannot 
contain potassium feldspar as a stable phase. Redrawn from (Schreyer, Massonne and Chopin 1987) 
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Numerical simulations of subduction zone pressure-temperature-time paths can help 

constrain the occurrence of the pressure-temperature conditions required for the 

stability of "sanidine hydrate". Peacock (1991) conducted numerical experiments 

using a two dimensional finite difference model. The model simulates the heat 

transfer in a subduction zone with a dip of 26.6°. Oceanic geotherms were calculated 

using the conductive cooling of a mantle adiabat and an analytical solution 

describing induced convection was incorporated into the mantle wedge. Parameters 

were varied during the individual numerical experiments were (i) the initial age of 

the oceanic lithosphere, (ii) the convergence rate, (iii) the nature of the metamorphic 

dehydration reactions, (iv) the amount of shear heating and (v) the presence of 

induced mantle convection. Figure 8.3 shows some of the results of these 

experiments with the stability field of "sanidine hydrate" drawn in for comparison. 

The results of the numerical experiments show that the primary controls on a rock P-

T-t path are (i) the initial thermal structure, (ii) the amount of previously subducted 

lithosphere (convergence rate x time), (iii) the position of the rock in the subduction 

zone and (iv) the vigour of induced mantle convection. 

These numerical results demonstrate that the pressure-temperature conditions 

required for the formation of "sanidine hydrate" are more likely to occur in the 

subduction zone modelled, if (i) the subducting oceanic crust is at least 100 Ma old, 

(ii) the slab has subducted at least 600 km of material since its formation (iii) the 

rock is either in the base of the oceanic crust or in parts of the mantle wedge that do 

not get dragged down by the subducting slab, or (iv) in the top of the slab after a lot 

of crust has subducted if there is no convection in the mantle wedge. 
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Fig. 8.3. Subduction zone P-T-t paths predicted by the two dimensional, heat transfer model and 
selected pressure-temperature constraints based on ancient subduction zones. The stability field of 
"sanidine hydrate" determined in this study is shown by the shaded region for comparison. Solid 
circles represent intervals of I Ma; open circles represent intervals of 10 Ma. 

Calculated P-T-t paths for the top of the subducted oceanic crust as a function of the age of the 
incoming oceanic lithosphere. Convergence rate is 3 cm Ma* 

P-T-t paths followed by the top of the subducting oceanic crust as a function of the amount of 
previously subducted lithosphere (convergence rate x time). Convergence rate is 3 c Ma-1. 

P-T-t paths as a function of position in the subduction zone. Convergence rate is 3 c Ma-1. 
P-T-t paths followed by the top of the subducting slab as a function of the vigour of induced 

convection in the mantle wedge and the amount of previously subducted material. Convergence rate is 
10 cm Ma-1. Redrawn from Peacock (1991). 
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8.4 Compositional restrictions 

The system K20-A1203-Si02-H20 in which the present experiments have been 

performed is a simple one of only three phases in the pressure temperature range 

studied. Natural rocks are inevitably more complicated with many more phases and 

components. So the problem is, in order to find "sanidine hydrate" at high pressures, 

we firstly need to have a bulk composition which includes the components K20, 

A1203, Si02  and H20 but without sufficient quantities of components that would 

favour the formation of other phases at the expense of "sanidine hydrate". Whether 

"sanidine hydrate" can be formed by reactions between phases other than either 

sanidine and vapour, or from crystallising a water rich sanidine melt, is not known. 

However, since it is known that if sanidine and vapour are stable up to pressures of 

2.0 to 3.0 GPa, they will react to form "sanidine hydrate", it would be a useful 

starting point to look at the stability field of sanidine and vapour. 

In most rock compositions sanidine is unlikely to ever form at high pressure as there 

are a large number of reactions which will remove any sanidine present at relatively 

low pressures. Figure 8.4 is a summary of many of the reactions which limit the 

stability of sanidine at high pressure. Figures 8.5, 8.6 and 8.7 show detail from 

Figure 8.4. The reactions shown are listed in the corresponding Tables 8.1, 8.2 and 

8.3. 

IE 
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Fig. 8.4. A summary of the reactions which involve sanidine in the K20-MgO-CaOSiO2-H20-CO2  
system. The shaded area represents the stability field for "sanidine hydrate" The hatched box labelled 
DM are the pressure temperature conditions of the Dora Maira rocks. The heavy lines are taken from 
Figure 8.2. The three boxes refer to the enlargements shown in Figures 8.5, 8.6 and 8.7 
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Fig. 8.5. Reactions involving sanidine enlarged from Figure 8.5. Symbols, reactions and references 
are listed in Table 8.1 

Table 8. 1, Reactions shown in Figure 8.5, (the high temperature side of the reaction is on the right) 

Data from: Massonne and Schreyer (1987), .i Massonne (1992), • Hewitt (1975) 

Phi = phlogopite, Qz = quartz, Sa = potassium feldspar, Tc = talc, Phe = phengite, Cc = calcite, Cord 
= cordierite, Tr = tremolite, Chi = chlorite, L = melt, V = vapour, Fl = K, Mg rich fluid. 

36 	Tc+Sa+V=Phe+Qz+Fl (4) 	37 	Tc+Phe+Sa=Phl+Qz+V (4) 

38 	Tc+Sa+V=Phl+Qz+Fl (4) 	39 	Chi+Sa=Phe+Phl+Qz+V (4) 

40 	Phe +/-Qz+Fl=Sa+ Phi V (#) 	41 	Phe+Phl+Sa+Qz+V=L () 

42 	Phe + Phi + Qz = Cord + Sa + V() 	43 	Phl+Cc+Qz=Tr+Sa+V(CO2 rich)(*) 
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Fig. 8.6. Reactions involving sanidine enlarged from Figure 8.5. Symbols, reactions and references 
are listed in Table 8.2. 

Table 8.2, Reactions shown in Figure 8.6, (the high temperature side of the reaction is on the right) 

Redrawn from Hewitt and Wones (1984), data from Wendlandt and Eggler (1980) 

Phi = phlogopite, Sa = potassium feldspar, En = enstatite, Fo = forsterite, Ks = kalsilite, Lc = leucite, 
L = melt, V = vapour. 

25 Ks+En=Sa+Fo 26 Ks+Sa=Lc 

27 Phi +Sa+Ks+V=En+L 28 Phi +Sa+Ks+V=Fo+L 

29 Phi +Sa+Fo+V=En+L 30 Fo + Sa + Ks + CO2 = L 

31 Sa+Fo+CO2=En +L 32 Phi +Sa+Lc+V=Fo+L 

33 Phi +Sa+V=En+L 34 Phi +En+Sa+V=Fo+L 

35 Phi +Sa+V=Fo+Lc+L 
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Fig. 8.6a, Reactions involving sanidine enlarged from Fig. 8.4 
Symbols, reactions and references are explained in Table 8.3 
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Fig, 8.6b, An enlarged view of the lower temperature part of Fig. 8.6a. 
Symbols, reactions and references are explained in Table 8.3 
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Table 8.3, Reactions shown in Figure 8.7. , (the high temperature side of the reaction is on the right) 

Redrawn from Hewitt and Wones (1984), data from: • Luth (1967), Wendlandt and Eggier (1980), 

v Wones and Dodge (1977), 4 Wood (1976), ® Bohlen et at (1983) 

Phi = phiogopite, Qz = quartz, Sa = potassium feldspar, En = enstatite, Fo = forsterite, Lc = leucite, 
Phe = phengite, Si = sillimanite, Ky = kyanite, L = melt, V = vapour. 

Phi +Qz=Sa+En+V (#) 2 Qz+Sa+ Phi +V=L (s(&) 

3 Qz+ Phi +V=En+L (,(&) 4 Qz+ Phi =Sa+En+L (®) 

5 Phl+L=Sa+En+V (,) 6 Qz+Sa+En+V=L (,) 

7 Phl+En=Sa+Fo+V (,) 8 PhI+Sa+En=Fo+L (•) 

9 Phl+En=Fo+L+V (,) 10 Ph1+L=Sa+Fo+V (•) 

11 Sa+En+V=Fo+L (•) 12 Phl+Sa=Fo+Lc+L (•) 

13 PhI+Sa-fV=Lc+L(•) 14 Phl+Sa=Lc+Fo+L(,) 

15 Phl+L=Fo+Lc+V (,) 16 Sa+Fo+V=Lc+L (•) 

17 Sa+Fo=Lc+En 	(•,*) 18 Lc+En+V=Fo+L(•) 

19 Sa+En+V=Lc=L (,) 20 Phl+Sa+Lc+V=L (•) 

21 Phl+Sa+V=L (•) 22 Phl+En+V=Fo+L (•) 

23 Phi + En = Fo + L (,) 24 Phe + Qz = Sa + Sill/Ky + V (,) 

These figures and tables show that under the pressures and temperature conditions of 

over 2.0-3.0 GPa and below 700-1000°C (the approximate stability field for 

"sanidine hydrate") , sanidine would not be stable with 

forsterite 	 Reaction: 25 
talc + vapour 36, 35 
phiogopite + vapour 40 

cordierite + vapour 42 

enstatite + vapour 1, 5 
enstatite + liquid 4 

forsterite + vapour 7, 10 

tremolite + CO2 rich vapour 43 

siliimanite/kyanite + vapour 24 
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Although the absence of sanidine does not forbid the occurrence of "sanidine 

hydrate", the reactions listed above would prevent the reaction: 

"sanidine hydrate" = sanidine + water 

KAISi3O8.nH20 = KAISi308  + H20 	 (1) 

from taking place and so reduce the likelihood of forming "sanidine hydrate". 

Therefore, it would be interesting to - find rocks which contain sanidine with either 

none or very small proportions of the above combinations of phases, so that these 

reactions will not remove sanidine from the rock altogether before reaching the 

pressure and temperature of interest. 

8.5 Common bulk compositions: 

In many sedimentary rocks potassium feldspar is not a common constituent. 

However, in the most common sedimentary rock types, siliciclastic sediments, 

potassium feldspar can be a large component. Siliciclastic sediments can have a 

diverse range of compositions. In sandstones the clasts are usually predominantly 

quartz and feldspar, with an average feldspar composition of 10-15% (Tucker 1981). 

The feldspar is usually predominantly potassium feldspar as it is chemically more 

stable than plagioclase feldspar and the continental basement has an average 

composition of granodiorite of which 25-30% of the feldspar is alkali feldspar, 

(Kearey and Vine, 1990). In arkoses the feldspar content can be as much as 50%. 

Immature greywackes can also contain large quantities of feldspar although the 

proportion of sodic plagioclase is normally higher than that of potassium feldspar. 

Mudrocks, which make up 45-55% of sedimentary lithologies (Tucker 1981), 

generally have almost no feldspar. Pure limestones contain very few or no silicate 

minerals. 

The diverse compositions of these sediments inevitably result in a large variety of 

rocks when metamorphosed. Metamorphism of limestones would result in all of the 

silicate minerals transforming to calcsilicate minerals such as epidote, sphene or 

anorthite with no potassium feldspar. "True pelites", as described by Yardley (1989), 

contain no potassium feldspar. These are the ones that produce the characteristic 

zonation schemes (e.g. the Barrovian zones) and are the metamorphic equivalent of 

mudstones. However "true pelites" are relatively rare. More common are the 

metamorphosed greywackes. These can have a large range of compositions but they 
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frequently contain potassium feldspar. However, the proportion of potassium feldspar 

would have to exceed the proportions of all the phases with which it is unstable (see 

previous section for some examples) as the rock is buried. Therefore the quantity of 

sanidine remaining at high pressure may be greatly reduced or non-existent. 

Basic igneous rocks contain little or no potassium feldspar. The only feldspar phase 

present is usually plagioclase which would be albite rich at low pressures and 

temperatures. When a basic igneous rock is metamorphosed the feldspar would 

become more anorthite rich at higher temperatures, and react to form jadeite at high 

pressures. Green and Ringwood (1967) showed experimentally that small quantities 

of sanidine can exist up to very high pressures. However, their experiments were 

conducted at high temperatures in the absence of water. If water were present 

amphiboles and micas may form instead; Some evolved igneous rocks can contain a 

large proportion of potassium feldspar. There may also be only relatively small 

proportions of the phases which would react with potassium feldspar when the rock 

is subjected to high pressure metamorphism. Hence it is possible that sanidine will be 

stable up to the sanidine - "sanidine hydrate" boundary in some evolved igneous 

rocks. The only rock types which have been studied fairly extensively at high 

pressure are synthetic granite compositions and even in these many of the reactions 

have not been reversed. Not much is known about the phase relations of other 

evolved igneous rock types which contain a large proportion of potassium feldspar, 

e.g. syenites. However, in comparison to granites, syenites are relatively rare. 

8.6 Granites 

Most granites are dominantly composed of potassium feldspar, albite rich plagioclase 

and quartz with smaller amounts of other phases. They are divided into two types 

according to the other phases present; biotite granites contain hornblende and biotite 

with the proportion of hornblende exceeding that of biotite; muscovite granites 

contain muscovite with only very small amounts of biotite. 

The complicated phase relations of granites can be simplified by looking at 

experimental systems with a reduced number of components. These experiments 

have been carried out in many different systems, one of the most common being the 

haplogranitic system (albite-orthoclase-quartz-H20). However, it is convenient to 

compare these all on the same diagram even though the reactions do not lie in the 

same bulk compositional plane. Figure 8.8 is a summary of the phase relations 
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involving sanidine from the experimental systems which most closely approximate 

those for granites (Huang, Robertson and Wyllie (1973), Huang and Wyllie (1974) 

and Huang and Wyllie (1975)). The reactions shown are listed in Table 8.4. It shows 

some of the reactions which could occur in the KNASH (K20-Na20-Al203-Si02-

H20) system involving the phases sanidine, "sanidine hydrate", muscovite, quartz, 

coesite, jadeite, albite, kyanite, sillimanite, corundum, water and melt. The system 

most closely approximates the muscovite bearing, S-type granite as reactions 

involving hornblende and biotite are not included. 

Reactions (1), (2) and (14) show the relationships in the very simple situation 

involving only sanidine, "sanidine hydrate", water and melt. As other phases are 

added the melting temperature is reduced. The addition of muscovite lowers the 

melting temperature at high pressure only by a small degree (less than 30°C), as 

shown by reactions (3) and (4). At low pressures muscovite in this melting reaction is 

replaced by sanidine and corundum (reaction (5)). When quartz or coesite are added 

the melting temperature is reduced even further, by approximately 60°C, to give 

reactions (6) and (7). The addition of muscovite as well as quartz (reactions (8) and 

(9)) has little effect on the positions of reactions (6) and (7). Reactions (8) and (9) are 

almost coincident with reactions (6) and (7). 

Reactions which include Na2O as a component lower the melting temperature still 

further. Reactions (10), (11) and (12) include jadeite and albite in addition to 

sanidine/"sanidine hydrate" and quartz/coesite. These reactions must be the ones 

which most closely approximate an average granite as these are the major granite 

forming minerals. There are also reactions (e.g. 18, 19, 20 and 21) where sanidine 

would react with sillimanite/kyanite or corundum in the presence of melt or vapour, 

making it unstable in the high pressure, low temperature field. However, in granites, 

sanidine should always be a more abundant component than corundum or the 

aluminosilicates, and hence should never be removed altogether by these reactions. 

Figure 8.9 shows how these reactions compare with the results from this work 

(Chapter 4) and the wet melting curve of Goldsmith and Peterson (1990) from Figure 

8.1 
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Fig. 8.8. A summary of the phase relations involving sanidine from the experimental systems which 
most closely approximate those for granites (Huang, Robertson and Wyllie (1973), Huang and Wyllie 
(1974) and Huang and Wyllie (1975)) in the KNASH (K20-Na2O-Al2O3-SiO2-H2O) system. 
Reactions are listed in Table 8.4. 

Table 8.4, Reactions shown in Figure 8.8. (the high temperature side of the reaction is on the right) 

SH = "sanidine hydrate, Ms = muscovite, Sa = sanidine, Co = corundum, Qz = quartz, Ct = coesite, 

Jd = jadeite, Ab = albite, Si = sillimanite, Ky = kyanite, L = melt, V= vapour 

SH+VL 2 Sa+V=L 

3 Ms+SH+V=L 4 Ms+Sa+V=L 

5 Sa+Co+V=L 6 SH+Ct+V=L 

7 Sa+Qz=V=L 8 Ms+SH+Ct+V=L 

9 Ms+Sa+Qz+V=L 10 Jd+SH+Ct+V=L 

11 Jd+Sa+Qz+V=L 12 Ab+Or+Qz+V=L 

13 Ab+Sa+V=L 14 SH=Sa+V 

15 Ct=Qz 16 Jd+Qz=Ab 

17 Ky=Si 18 Ms + Qz = Sa + Si + V 

19 Ms + Qz = Sa + Ky + V 20 Ms=Sa+Co+L 

21 Ms=Sa+Co+V 
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Fig. 8.9. A comparison of the present study (Fig. 8.1) with reactions relevant to granites (Fig. 8.8) 

Figure 8.10 Shows how these reactions compare with the solidi and liquidi of natural 

granites from work performed on muscovite granites (Huang and Wyllie (1981)) and 

biotite granites (Stern and Wyllie (1981)). The dotted lines are the solidus and 

liquidus of a dry muscovite granite with all the water species held within the hydrous 

minerals (about 0.66 wt%) (vapour absent melting). The solid lines are for a 

muscovite granite with excess water and the dot-dash lines are for the melting of a 

biotite granite with excess water. The solidi for the wet muscovite and biotite 

granites both coincide closely with the position of the melting reactions involving 

j adeite/albite, "sanidine hydrate"/sanidine, coesite/quartz and vapour. 

However these melting relations are for the conditions with excess water. If there is 

too much water present sanidine will react with the vapour to form muscovite. Figure 

8.11 shows the stability field of sanidine with about 30wt% H20 (Seki and Kennedy 

1965). This is a large quantity of water but under these conditions all the potassium 

feldspar would disappear by about 1.0 GPa, by reacting to form muscovite. With less 

water potassium feldspar may be stable to higher pressures. Figure 8.12 shows the 

results for a natural granite from Stern and Wyllie (1981). The figure shows at what 

temperatures and percentage water content "sanidine hydrate" becomes unstable in 

the cases for 3.0 and 3.5 GPa. 
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Fig. 8.10. A comparison of the granite reactions (Fig. 8.9) with the solidi and liquidi of dry muscovite 
granite, wet muscovite granite and wet biotite granite.(Huang and Wyllie (1981), Stern and Wyllie 
(1981)). 
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Fig. 8.11. The stability field of sanidine in the presence of approximately 30 wt% H20. (Seki and 
Kennedy 1965) 
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Fig. 8.12. The temperature and percentage water content at which "sanidine hydrate" dissolves in the 
vapour phase at 3.0 GPa. The line shown for 3.5 GPa is an extrapolation from the similar curve for 
sanidine at 2.5 GPa. (Stern and Wyllie (198 1)) 

At 3.0 GPa they determined the percentage water content at which "sanidine hydrate" 

disappeared for a given temperature. This happens because, with increasing pressure, 

more rock will dissolve in the vapour phase. The vapour probably preferentially 

dissolves K20 rather than A1203  or Si02. This may well help explain the increasing 

stability field of kyanite with increasing water content. The curve shown .for 3.5 GPa 

is an extrapolation from the similar curve for the loss of sanidine at 2.5 GPa. 

At high pressures water becomes very soluble in melt and so the melt will take up 

any water available. Huang and Wyllie (1975) found that melt became vapour 

saturated with 20wt% H20 at 3.0 GPa. If "sanidine hydrate" could be formed by 

crystallisation from a melt it could only begin to form when there was very little melt 

remaining, as a free vapour phase would be unlikely in the presence of large 

quantities of melt. 

Therefore, in order for "sanidine hydrate" to be stable, we need a composition in 

which there is just enough water to form "sanidine hydrate", but not so much that the 

sanidine dissolves or reacts to form muscovite, and a situation with little or no melt 

present. 
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8.7 Conclusions 

In order for "sanidine hydrate" to form relatively low temperatures and yet high 

pressures are required in comparison to most geological conditions. It may only be 

possible to achieve these conditions in subduction zones and therefore evidence for 

the existence of "sanidine hydrate" at the - surface will generally be overprinted by 

retrogression to lower pressure and higher temperature assemblies on uplift. It may 

not be possible to achieve these conditions in all subduction zones. Numerical 

modelling of a subduction zone suggests that situations where old oceanic crust is 

being subducted in a long standing subduction zone without induced convection in 

the mantle wedge may be more likely to produce the pressure-temperature conditions 

required. In addition the base of the oceanic crust or the mantle wedge would be 

colder than the upper part of the oceanic crust. The most probable bulk composition 

which could form "sanidine hydrate" from sanidine and water on metamorphism 

would be a granitic one. The subduction of granitic rocks is probably rather 

uncommon and they would probably never occur in the coldest parts of a subduction 

zone at the base of the oceanic crust or the mantle wedge. The water content of the 

rock must be sufficiently high to form "sanidine hydrate", or sanidine will persist 

until the reaction to form the wadeite type phase occurs as described by Kinomura et 

al. (1975). However, the water content must be only just sufficient to form "sanidine 

hydrate" as a large excess of water will begin to dissolve the components. In addition 

the presence of melt will inhibit the formation of "sanidine hydrate" as the melt will 

take up all of the available water. 
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Chapter 9 

"Water" content of synthetic sanidines 
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9.1 Introduction 

Potassium feldspar is nominally an anhydrous mineral with no stoichiometric water. 

In some naturally occurring examples, however, potassium feldspar has been found 

to contain structural OH groups or structural F120. These "water" species must lie 

within defect sites within the minerals. There are many defect site& which could 

accommodate structural OH, H20 or H. Such defect sites can be formed by 

substitution of one species by another, or by creating or filling a vacancy in the 

structure. Any change in the charge caused by this defect must be coupled locally 

with another defect to maintain the overall charge balance. Although such defects 

have been proposed as "water" sites, determining which is in fact the correct type is 

not easy experimentally. Several substitution mechanisms have been proposed for 

hydrogen in feldspars and others have also been inferred by comparison with 

mechanisms of hydrogen substitution in quartz and other silicate minerals. Each 

substitution will show evidence for either structural OH or H2O in an infrared 

spectrum. A few of the proposed substitutions in potassium feldspar are listed in 

Table 9. 1. 

Naturally occurring potassium feldspars appear to contain a variety of "water" 

species and hence several different types of defect sites (Kronenberg et al, in press). 

The general consensus of opinion from previous authors is that microcline generally 

contains structural H20 whereas sanidine contains a larger proportion of structural 

OH. The defects responsible for these "water" species have not been absolutely 

identified. 

In order to see whether the sanidines synthesised at high pressure during the present 

reversal experiments contained any structural "water" and to determine what type it 

is, infrared spectroscopy and thermogravimetric analysis have been used to 

investigate these high pressure sanidines. The methods used for these techniques 

were described in Chapter 3. The present chapter also describes the attempts to find a 

regular variation of structural "water" within sanidines synthesised under a number of 

different conditions. If sanidine is capable of dissolving more water at elevated 

pressures and temperatures, then it could be an important reservoir for water in lower 

crustal rocks. In slow cooled igneous rocks at low pressures and temperatures this 

water could exsolve. This may explain the occurrence of turbid feldspars containing 

micropores of fluid inclusions and deuteric alteration to form patch perthites as 

postulated by Worden et al. (1990). Bertelmann et al (1987) showed that annealing 

experiments on samples of Eifel sanidine caused fluid inclusions to form. Eifel 

sanidines contain a large proportion of structural "water" (0.017-0.036 wt%, 
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Hofmeister and Rossman, 1985b and Beran, 1986) and it could be the exsolution of 

this structural "water" which forms the fluid inclusions. If this were the case then it 

would imply that Eifel sanidines crystallised at pressures and temperatures where the 

structural "water" capacity of sanidine was greater. Evidence for exsolution of 

structural "water" has also been sought by looking at a suite of naturally occurring 

feldspars from the Klokken intrusion in South Greenland (see Chapter 10). 

Table 9.1. Some proposed substitutions in potassium feldspar which could explain the occurrence of 
evidence for structural "water" observed in the infrared spectra. 

Substitution 	 Description 	 Infrared observation 

[(H2O)' ] = [Cajor[Si] 
H20 replaces K coupled with replacement of K 	H20 
by Ca or Al by Si (Kronenberg et al., in press) 

[(H2O) 	j 	
H20 replaces 0 in four possible sites coupled 	H20 

= 	 perhaps with replacement of Si by Al 
A l.A 2.11 I. Eli 

(Kronenberg et al., in press) 

[(H2O) 	
H20 fills one of three interstitial sites 	H20 

J
(Kronenberg et al., in press) 

[Hi= [Al ] 	 H fills an interstitial Site coupled with the 	OH or H20 
L 	J 	I. 	 replacement of Si by Al (Dennis, 1984) 

Si-O-Si = Si-OH:HO-Si 	The bridging 0 atom is replaced by two OH 	OH 
groups (Hobbs, 1984) 

(4H) . or[31-i' ] = [Ca ] 	
Four H replace Si. If only three H can be fitted 	OH 

Si 	Si 	K 	into the Si site a coupled replacement of K with 
Ca is also required (Hobbs, 1984) 
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9.2 Previous work on "water" in potassium feldspar 

Most studies on the water content of potassium feldspar have either been conducted 

on gem quality microclines or adularia, or on sanidine from the Eifel region of West 

Germany. Microclines and adularia seem to show similar patterns in their infrared 

spectra indicating a predominance of structural H20 whereas sanidines seem to show 

more structural OR 

Hofmeister and Rossman (1985a) showed that the infrared spectrum of an amazonite 

changed considerably on freezing (Fig. 9.1 b), and so that only a small quantity of the 

total water content was incorporated into the feldspar structure, the rest being held 

within fluid inclusions. White microcline from the Elisabeth R mine in Pala, 

California (Fig. 9.1a) contained two types of structural H20 with no visible, 

microscopic fluid inclusion water. One type of structural H2O, equivalent to Type I 

"water" of Ames and Rossman (1985) (see below), produced OH stretching 

absorption peaks at 3630 and 3550 cm-1  with a combination mode at 5130 cm-1. The 

other type, equivalent to Type H "water" of Ames and Rossman (see below), 

produced absorption peaks at 3440, 3250 and 5620 cm' which were polarised in a 

different orientation to that of the first type. Hofmeister and Rossman (1985a) also 

saw two small peaks in the spectra indicative of liquid water at 3400 and 3050 cm-1 , 

which formed ice on freezing to liquid nitrogen temperatures. These spectral peaks 

may have been caused by sub-microscopic fluid inclusions. The quantities of 

structural "water" were calculated from the relative peak heights of the water peaks 

of the infrared spectra in comparison with a feldspar of known water composition 

measured by hydrogen extraction and manometry. The concentrations of structural 

"water" varied from 0 wt% in a sample of perthite from Amelia, Virginia to 0.1 wt% 

in a sample of the Elisabeth R mine white microcline, although most values were 

below 0.002 wt%. 

Ames and Rossman (1985) obtained infrared spectra at high temperature in order to 

investigate the behaviour of trace hydrous components in silicate minerals. 

Microcline, also from the Elizabeth R mine, Pala, California, produced four 

absorption peaks in the OH stretching region of the spectrum (Fig. 9.2). These four 

peaks were attributed to two types of H20. Type I "water" had absorption peaks at 

3620 and 3550 cm-1  and type II at 3440 and 3280 cm-1 , in close agreement with the 

white microcline from the Elisabeth R mine studied by Hofmeister and Rossman 

(1 985a) described above. On heating, the Type II "water" disappeared by 400°C and 

so was thought to be contained in an open site or defect which could release its H20 

with ease. The Type I "water" persisted to 660°C and was presumed to occupy a 
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well-defined site in the feldspar structure. Above 550°C an almost isotropic band 

forms at 3.690 cm-1. It was not entirely clear whether this was a new component or 

one revealed by the Type I "water" band shifting to a lower energy. The formation of 

this peak was not reversed on cooling (Fig. 9.3). If this sample had crystallised at 

high temperatures the Type I "water" would not have been incorporated and instead 

the new species should have formed. Both Types I and II could have formed during 

the slow cooling and transition to maximum microcline. 

4000 	3700 	3400 	3100 	2800 	2500 
Wavenumbers (cm') 

Fig. 9.1. Polarised infrared spectra of the OH stretching region of two feldspars a) a microcline from 
the Elisabeth R mine, Pala, California which shows four absorption peaks of structural H20,  b) an 
amazonite from Lake George, Colorado composed mostly of water held within fluid inclusions shown 
by the formation of an ice band on freezing. (redrawn from Hofmeister and Rossman, 1985a) 
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Fig. 9.2. The high temperature polarised spectra of a sample of microcline from the White Queen 
mine, Pala, California. (redrawn from Ames and Rossman, 1985) 
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Fig. 9.3. A comparison of the spectrum of the cooled sample of Fig. 9.2 with the spectrum taken 
before heat treatment. Dashed lines = a, solid lines = y. (redrawn from Ames and Rossman, 1985) 
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Kronenberg et a!, (in press) studied a sample of Kristallina adularia from Switzerland 

using infrared spectroscopy. They found spectral peaks at 3620, 3455, 3280, 3090, 

5250, 5130 and 4750 cm-1. The peaks at 3620 and 3455 cm-1  were strongly aligned to 

crystallographic orientation and closely associated with two combination peaks of 

OH stretch and H20 bend at 5250 and 5130 respectively. The peaks at 3280 and 3090 

cm-' were not so strongly aligned and the isotropic peak at 4750 cm-' seemed to be 

related to the peak at 3090 cm* The lack of OH stretching combination peaks below 

4600 cm implied that molecular water was the dominant species. All of these 

infrared OH stretching peaks did not change when subjected to liquid nitrogen 

temperatures, thus implying that they were all of structural rather than of fluid 

inclusion water. These results are comparable to the ones for microcline listed above. 

The different polarisations of the four OH stretching peaks, found by Kronenberg et 

al., suggested the presence of multiple site defects. The two peaks that were highly 

aligned were non-zero for all orientations and were not parallel to any of the optical 

directions of the feldspar, and hence must be the result of several site defects closely 

aligned to each other. Kronenberg et al. investigated the rate at which these peaks 

were lost at high temperatures (see Fig. 9.4). They found that the peaks were lost in 

the same order as those in microcline (Ames and Rossman, 1985, see above) but that 

the rates suggested a single mechanism for diffusion which was too fast for volume 

diffusion. They therefore concluded that the H2O molecules were held within 

stationary defect sites, but then other mobile sites were created when the H20 

diffused to the surface. For example hydrogen could be lost by proton diffusion 

leaving oxygen defects behind. The stationary sites could have been in a number of 

possible defect sites as shown by the first three types in Table 9.1. The potassium site 

was favoured by Hofmeister and Rossman (1985a) and Beran (1986) owing to its 

large size. However, Farver and Yund (1990) found that the interstitial sites in 

potassium feldspar were also large. It is also possible that the H2O could substitute 

for oxygen atoms. Kronenberg et al. predicted the OH stretching frequencies for 

these potential defect sites by calculating the size of the defect assuming the structure 

for the feldspar of "sanidinized orthoclase" of Ribbe (1963). This method showed 

that the potassium site was the most probable as all the other possibilities would 

produce infrared peaks at lower wavenumbers. This substitution would have to be 

compensated for locally in order to maintain the overall charge balance, perhaps by 

calcium replacing potassium or silicon replacing aluminium. 
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Fig. 9.4. Infrared spectra of (00 1) plates of adularia annealed in air atT= 800°C for time intervals 
of 12 to 200 hours showing the systematic decline with increasing time of the bands at 3620 and 3455 
cm 	followed by the decline of the bands at 3280 and 3090 cm' (Redrawn from Kronenberg et al., in 
press). 

Kronenberg et al also conducted experiments on the same sample of adularia at high 

partial pressures of water of up to 1 GPa in order to investigate rates of hydrogen 

gain. The rate of hydrogen gain was similar to that of hydrogen loss but produced 

new broad bands superimposed upon the original ones at 3455 and 3280cm- ' (Fig. 

9.5). The near infrared region of the spectrum still shows the presence of H20 but the 

majority of the molecules must be held on different sites and in new orientations. 

However, it was not stated as to whether they checked that these peaks were 

structural ones by cooling the sample with liquid nitrogen whilst measuring the 

infrared spectra. These new peaks produce a spectrum similar to the one measured by 

Rossman and Smyth (1990) for a sanidine from a mantle eclogite (see below) but 

they are not in a similar position to those for Eifel sanidine (see below). The total 

water was estimated by measuring the integrated absorbance over the peaks between 

3700 and 3000 cm-1  and the measurement then normalised to the sample thickness. 

The total water content prior to annealing experiments was 1360 ppm of hydrogen. 

On annealing the samples at high partial pressures of water the integrated absorbance 

rose, thus implying there was a larger concentration of water in the sample than at 

lower pressure conditions. After annealing at high partial pressures of water the total 
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water was difficult to measure owing to the change in shape of the spectra. However, 

an estimate of 2220 ppm of hydrogen was obtained after annealing at 900°C and I 

GPa of water pressure. 

starting material 

80.1 
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Fig. 9.5. Infrared spectra of (001) adularia plates annealed at T = 900°C and P(H20) = I GPa show 
new broad bands superposed upon the original bands displayed by the starting material. (Redrawn 
from Kronenberg et al., in press). 

Most of the studies to date on sanidines have used the unusual sanidine megacrysts 

from the Eifel region of West Germany. These samples are clear, gem quality 

sanidines with extremely low dislocation densities (approximately 100/cm3, 

Bertelmann, 1986) which can weigh several kilograms. The Al-Si order disorder 

rates and properties, summarised by Bertelmann et al. (1985) and studied by 

Bernotat-Wulf et al. (1988), are faster when they are away from crystal edges and 

dislocations. One hypothesis which may explain these fast-disordering properties is 

that the rate is enhanced by the presence of mobile "protons" in the structure. These 

"protons" may be preferentially lost in the region of grain boundaries and hence the 

rate of ordering is reduced. The source of these "protons" could well be structural 

"water". 

Hofmeister and Rossman (1985b) showed that sanidine from Eifel in the Volkesfeld 

region of West Germany contained only a small proportion of the total water content 

as fluid inclusions, as there was no change in the infrared spectrum on freezing to 
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78K. They concluded that only 10 to 15% of the water held within the structure was 

of H20 molecules, the remainder being structural OH groups. The evidence for this 

was the presence of a weak OH overtone in the spectra at 4550 cm-' but any H2O 

overtones at 5260 cm' were below noise level if they were present. If H20 

molecules were the more abundant spçcies the 5260 cm-' overtone should, in theory, 

be two to three times larger than the overtone at 4550 cm-1 and hence H2O molecules 

were probably only a minor component of the total water. In addition, Hofmeister 

and Rossman determined the water content of the Eifel sanidine by hydrogen 

manometry as 0.017 wt%. 

Beran (1986) also studied the water content of the Eifel sanidine. The quantity of 
water was found to be 0.036 wt% using an "elemental analyser'. He found two bands 
in the OH stretching region of the spectrum (Fig. 9.6), a peak at 3400 cm-1 and a 

broader shoulder at 3050 cm-1. A weaker band at 4550 cm-' was attributed to a 

combination mode of OH stretching and implied the presence of some structural OR 

In addition he noticed another absorption peak at 5150 cm-' which he thought could 

be an overtone of H20. He thus concluded that there was both structural H20 and OH 

groups present but that the larger component was perhaps structural H20. The sample 

of Eifel sanidine was then heated to see how the peaks changed. After three days at 

700°C the broad shoulder in the spectrum at 3050 cm-' increased slightly. On heating 
at 900°C for four days both of the OH stretching bands decreased slightly and then 

disappeared completely after a further three days at 1050°C. 
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Fig. 9.6. The polarised infrared spectra of a sample of Eifel sanidine from the Volkesfeld area of West 
Germany. a) plate parallel to (0 10) b) plate perpendicular to the a axis (redrawn from Beran, 1986) 
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Behrens and Muller (1995) investigated the Eifel sanidines as part of a study of 

hydrogen feldspar. They found an absorption peak at 2485 cm-' in hydrogen feldspar 

which he thought was an additional OH absorption band to the one at 3000 cm'. In 

order to check that this band was an OH band the hydrogen feldspar was exchanged 

with D20. This exchange shifted the peaks slightly in their position in good 

agreement with the theoretical shifts calculated from the frequency ratio VOH/VOD = 

1.37, which led to the conclusion that the 2485 cm-' infrared peak was due to an OH 

vibrational mode. Behrens and Muller also found an absorption peak at 2470 cm' in 

the Eifel sanidine. This peak decreased in size at the same time as the 3050 cm-1  on 

partial dehydration. They found that the OH combination mode at 4500 cm-1  was not 

well resolved but he did not find the evidence that Beran had found for structural 

H2O in the region of 5150 cm-1. Behrens and Muller concluded that the predominant 

water species in the Eifel sanidine were structural OH groups. The presence and 

identification of this peak at 2470 cm-1  was not mentioned by any of the other 

authors. 

Detailed studies of structural "water"  in other sanidines are rare. Rossman and Smyth 

(1990) investigated the water contents of minerals in mantle eclogite xenoliths from 

South African kimberlites. Figure 9.7 shows spectra from two of their sanidine 

samples. Most sanidine samples showed no infrared spectroscopic evidence, for the 

presence of water (e.g. sample 2). However, one turbid sample (1) showed a broad 

hump in the region of 3450 cm-1  which was attributed to fluid inclusion water. They 

did not explain the presence of the sharper shoulder at 3650 cm' or a possible slight 

shoulder on the trace at 3250 cm-1. These peaks could be the result of structural 

"water" present but they do not appear to match the positions of the peaks in the Eifel 

sanidine 
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Fig. 9.7. Infrared spectra of two sanidines from grospydite SRV-l. One sample (1) was from a slightly 
turbid crystal and shows the presence of a broad hump of fluid inclusion water at approximately 3450 
cm* Rossman and Smyth did not explain the occurrence of the sharper shoulder at 3650 cm 1 , which 
could be structural "water', or a slight shoulder at 3250 cm*  The other sample (2) shows no evidence 
of "water' as either fluid inclusion water or as structural "water". (Redrawn from Rossman and 
Smyth, 1990) 

9.3 Infrared spectroscopy of synthetic sanidines 

In this present study the run products from synthesis experiments were fine powders 
with a grain size of approximately one micron. Hence these samples could not be 

studied using the infrared microscope and so a powder method of analysis was 
sought. Initially infrared spectra were measured with the samples mounted in 
potassium bromide discs. This is a widely used technique but is not ideal for studying 
small water contents of minerals, as the potassium bromide is hygroscopic, and 
therefore produces a broad hump on the spectrum from surface water. This broad 

hump may obscure some of the features of the mineral's spectrum. A second method 

using diffuse reflectance of the infrared radiation off the surface of the sample was 
employed for comparison. This reflectance method is not widely used but it should 

avoid the problems of masking by adsorbed surface water. Any remaining broad fluid 
water peaks will mostly be caused by fluid inclusion water. 

9.3.1 Potassium bromide disc method 

The two sanidines from runs 51 and 57 synthesised at high pressures as part of the 
reversal experiments were investigated by infrared spectroscopy using a potassium 
bromide disc method. Figure 9.8. is a trace of run 51 which shows the same features 
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as the trace of run 57. Both these spectra show no H20 bending peak in the region of 

1620 cm-1. In the OH stretching region two spectral features can be seen; they are a 

small but fairly sharp peak at 3630 cm-' and a broader hump at 3420 cm-1. Both of 

these are probably not entirely of peaks for structural "water" as potassium bromide 

is hygroscopic and a peak for fluid surface water is inevitable. The peak at 3630 cm-' 

probably represents structural OH but there could well be another structural OH peak 

hidden behind the surface water peak at 3420 cm-1. 
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Fig. 9.8. Infrared spectrum of a sanidine synthesised at high pressure (run 51) showing a lack of a 

H20  bending peak and two features in the OH stretching region. 

These features can be seen more clearly by the black trace in Figure 9.9 which is an 

enlargement of the OH stretching region. For comparison another trace is shown in 

grey. This was the trace for run 45 which, after synthesis, was fired at 1100°C for 20 

hours to see if this removed the traces of water. The fired run product had lost the 

sharp peak at 3630 cm-' but whether the broad peak was entirely for surface water 

cannot be distinguished. When using a KBr disc it is almost impossible to avoid the 

adsorption of a small proportion of surface water as KBr is hygroscopic. The peak at 

3420 cm-' is probably due to surface water. In order to distinguish between fluid 

water on the surface of the sample or contained within fluid inclusions, and structural 

"water" peaks in the OH stretching region, the sample needs to be held at liquid 

nitrogen temperatures during analysis in order to observe the formation of ice peaks 

in the fluid. It was not possible to use liquid nitrogen on the equipment in the 
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National Museum of Scotland as the cooling facility was not available. The 

difference in the intensity of the two peaks is not of importance as it mostly reflects 

the different quantities of the sample used. The other feature of this part of the 
spectrum, the single sharp peak, must be due to the presence of structural OH groups 

within the sanidine crystals. The peaks in this trace are probably not the result of the 

presence of structural H20 as there is no H20 bending peak. There is another slight 

shoulder in the trace at 3280 cm-1  which could be part of an OH stretching peak 

hidden by the peak for surface water. 
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Fig. 9.9. An enlargement of the OH stretching region for the sanidine of Fig. 9.5 to show how run 51 
(black trace) compares with run 45 (grey trace) which, after synthesis, was fired to 1100°C for 20 
hours. The broad hump in both samples may be for adsorbed surface water and the sharp peak in run 
51 must be caused by the presence of structural OR 

The OH stretching region appears similar to that described by Beran (1986) and is 
shown in Figure 9.6 but is displaced to higher wavenumbers. The peak found by 
Behrens and Muller (1995) in the 2400 to 2500 cm-1  range of the spectrum could not 
be seen in the spectra of runs 51 and 57. There were two peaks at slightly lower 
wavenumbers, between 2300 and 2400 cmt, which varied in height and bore no 
relation to the height of either of the OH stretching absorption peaks. These two 

peaks were also found in samples of "sanidine hydrate" and hence it was concluded 
that they were more likely to be the result of atmospheric CO2. The overall shape of 
the spectra and the peak positions on it look more like that of adularia annealed at 
high partial pressures of water (Kronenberg et al., in press). 
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For comparison, a powdered sample of Eifel sanidine was made into a disc with 

potassium bromide. The OH stretching region is shown in Figure 9.10. The 

potassium bromide disc method shows no evidence for H20 bending at 

approximately 1620 cm' and in the OH stretching region there is only a slight peak. 

Eifel sanidine has the highest structural "water" content of any known naturally 
occurring sanidine. Estimates of the quantity of water in Eifel sanidine vary from 

approximately 0.17 wt% (Hofmeister and Rossman, 1985b) to 0.36 wt% (Beran, 

1986). A potassium bromide disc should contain randomly oriented crystals of the 

sample and therefore one would expect to see a spectrum which contains the peaks as 
seen in all orientations. Beran (1986) found two infrared peaks in Eifel sanidine at 

wavenumbers 3450 and 3050 cm-1. The sample of Eifel sanidine, in the present 
study, mounted in potassium bromide, showed no evidence for two peaks in these 

positions and hence the slight peak seen must be caused by the surface water 

adsorbed by the potassium bromide. Since the quantity of sample of the synthetic 
sanidines and the Eifel sanidine used in the preparation of each potassium bromide 

disc for infrared spectroscopy was similar, the presence of peaks for the synthetic 
samples that were not in the Eifel sanidine would imply that the water content of the 

synthetic samples was greater. Attempts were made to quantify this water content of 

the synthetic samples using thermogravimetric analysis (see Section 9.4). The Eifel 
sanidine was also investigated in this respect using diffuse reflectance (see Fig. 9.10). 

This showed the presence of two small infrared peaks at 3450 and possibly 3050 cm-1  
as described by Beran (1986). 
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Fig. 9.10. Infrared spectra of powdered Eifel sanidine obtained using a potassium bromide disc 
method and a diffuse reflectance method. (spectra are not drawn to scale) 
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9.3.2 Diffuse reflectance analysis 

The hygroscopic behaviour of potassium bromide made the investigation of small 

water contents difficult to observe as frequently the structural "water" peaks in the 

OH stretching region were obscured by the broad surface water peak. The grain size 

and powdered nature of the sample prohibited the use of the infrared microscope. 

Hence a less commonly used technique of diffuse reflectance was employed. This 

method should only show "water" peaks of the sample itself, although the spectra are 

usually poorer and contain additional peaks not found with other methods which are 

presumably the result of interference of some sort. 

Spectra were measured for samples synthesised at a variety of pressures at 

approximately 700°C in order to see if the water content varied systematically with 

pressure and temperature of synthesis. In addition two different starting materials 

were compared. The original gel (DLH gel) starting material for the reversal 

experiments was made by D.L. Hamilton of Manchester University. Some gels were 

synthesised at the beginning of this study by the author (e.g. P3K 100) but met with 

inexplicable problems in the low pressure runs (see Appendix A). These gels 

appeared to behave in the same manner as Hamilton's gel at higher pressures but at 

0.1 GPa they contained slight additional impurities. A large proportion of the run 

product of these low pressure experiments was sanidine and so these samples were 

also studied. They should then at least be able to show whether the results of infrared 

spectroscopy were consistent or not. 

The results of infrared spectroscopy on the samples synthesised with D.L. Hamilton's 

gel are shown in Figure 9.11. Those which used gel P3KI00, as synthesised by the 

author, are shown in Figure 9.12. Tables 9.2 and 9.3 list the pressure, temperature 

and the weight percentage water content in the capsule for each experiment. The 

relative water content was estimated from each infrared spectra by measuring the 

peak area beneath the spectrum on a plot of absorbance against wavenumbers and 

normalising it to the area of a peak of the silicate structure (for method see Section 

3.6.2b). The method may not be ideal but it is the best approximation available with 

powdered samples. 
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Fig. 9.11. Infrared spectra, from diffuse reflectance, of samples synthesised using D.L. Hamilton's gel. 
(spectra are not drawn to the same transmittance scale) 

Table 9.2. Experimental conditions and normalised areas of OH peaks, measured on a plot of 
absorbance, of samples synthesised using D.L. Hamilton's gel. Infrared spectra are shown in Fig. 9.11. 

Run No. Pressure 

(GPa ) 

Temperature 

(°C) 

Water in 
capsule 
(wt%) 

Normalised area 
of OH peaks 
(3800-3000cm) 

Normalised area of 
shoulder at (3690- 
3540 cm) 

62 2.74 680 6.38 10.38 0.33 

57 2.5 650 6.35 1.517 0.17 

51 2.0 550 6.36 6.54 0.22 

93 1.5 700 10.9 4.371 0.32 

97 0.5 700 9.0 5.732 0.39 

98 0.1 700 11.8 2.61 0.19 

99 0.1 700 11.8 1.559 0.17 
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Fig. 9.12. Infrared spectra, from diffuse reflectance, of samples synthesised using gel P3KIOO. 
(spectra are not drawn to the same transmittance scale) 

Table 9.3. Experimental conditions and normalised areas of OH peaks, measured on a plot of 
absorbance of samples synthesised using gel P3K100. Infrared spectra are shown in Fig. 9.12. 

Run No. 	Pressure 	Temperature Water in 	Normalised area Normalised area 

(GPa) 	(°C) 	
capsule 	of OH peaks 	of shoulder at 
(wt%) 	(3800-3000cm) (3.690-3540 cm') 

96 0.5 700 10.4 2.11 0.09 

18 0.1 750 1.87 13.37 0.82 

20 0.1 750 2.01 11.33 0.79 

II 0.1 750 2.63 2.40 0.09 

19 0.1 750 2.03 10.47 0.45 

15 0.1 750 5.9 6.72 0.57 

9 0.1 750 2.73 2.08 0.08 

45 (fired) 0.1 750 ---- 5.77 
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9.3.3 Interpretation of diffuse reflectance analysis 

The spectra of feldspars crystallised from the two different gel starting materials 

appear to be quite different from each other. The spectra obtained from samples 

synthesised using D.L. Hamilton's gel all contain strong peaks in the region of 3620 

cm-' and 3400 cm-1 . In the samples synthesised using gel P3K100 the peak at 3620 

cm-1  is less pronounced and sometimes absent. Samples 96 and 97 were both 

synthesised under the same experimental conditions, as they were run together in the 

same cold seal bomb, but with differing starting materials. The run prod.icts of these 

two experiments look substantially different to each other and yet similar to the other 

experiments that used the same gel starting material. In samples 51, 62 and the fired 

product of sample 45 there is a broad peak on the infrared spectrum in the region of 

2900 cm-1. The explanation for this peak at 2900 cm-1  is not obvious. The fired 

sample of run 45 did not contain an obvious peak in this region, using the potassium 

bromide disc method but does using this method. However, there are definitely some 

OH stretching peaks remaining even after firing and hence this shows that not all of 

the water had been lost by firing to 1150°C for only 12 hours. This would agree with 

the work of Kronenberg et al (in press) and Ames and Rossman (1985) who both 

stated that firing times of the order of 200 hours duration were required to remove all 

traces of structural "water". 

Identification of these peaks as a particular type of water is not easy with infrared 

spectroscopy without the use of liquid nitrogen. This method of investigation was not 

possible on the equipment available. Evidence from the H20 bending region was 

confused by the presence of additional peaks in the diffuse reflectance spectra which 

were not present with other techniques. The near infrared region of the spectrum 

showed no peaks for OH-OH and OH-H20 combinations that were above the high 

noise level. 

The attempts to calculate a relative quantity of water in these samples by normalising 

the peak areas were not successful (see Tables 9.2 and 9.3). The method of 

calculation is not as good as can be estimated with microscopic methods which 

involve normalising peak areas to sample thickness. Samples synthesised from gel 

P3KIOO at 0.1 GPa and 750°C, which should be a similar material, do not all 

produce the same value. Also the variation is unrelated to the amount of water 

inserted into the capsule at the beginning of the synthesis experiments. 

If these spectra are compared to spectra for the Eifel sanidines they appear to differ. 

The peaks are not in the same position as the peaks seen in Figure 9.10 or those 

161 



200 	400 	600 
Temperature (°C) 

100 

99.8 

99.6 

99.4 

99.2 
(( 

99.0 

98.8 
0 

I 	I 	I 	0M1.5 

0.01.0 

I.005 ' 

:

0-000 

:::: 

ST 

800 	1000 

found by Beran (1986). In fact the spectra look more similar to those obtained by 

Kronenberg et al. (in press) for microclines annealed at high partial pressures of 

water (see Fig. 9.5) and also one spectrum for a sanidine from a mantle eclogite 

xenolith (number 2 in Fig. 9.7, Rossman and Smyth, 1990). 

9.4 Thermogravimetric analysis of sanidines synthesised at high pressure 

The sanidine synthesised at high pressure was observed by infrared spectroscopy and 

found to contain a component of structural OH (see previous section). Four samples 

of sanidine synthesised at high pressure (from runs 51, 57, 58 and 62) were examined 

using thermogravimetric analysis in order to see if the amount of the structural OH 

could be quantified and at what temperature the water was lost. Figure 9.13 shows a 

typical thermogravimetric trace of a sanidine synthesised at high pressure (from run 

51). 

Fig. 9.13. A typical thermogravi metric result of a sanidine synthesised at high pressure (run 51) 
showing the weight loss (black line) and the derivative of the weight loss with respect to temperature 
(grey line) plotted against temperature. Weight loss could be caused by the loss of surface water, fluid 
inclusion water in micropores and structural OH groups, or a combination of these. 
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The thermogravimetric traces for runs 57 and 58 both showed a similar pattern to that 

of run 51 with only slight variations in the total weight loss. The trace for run 62 

(Fig. 9.14) varied a little from those mentioned above. 

100 

99.5 

99.0 

98.5 

98.0 	
200 	 400 	 600 	 800 

Temperature (°C) 

Fig. 9.14. The trace of the thermogravimetric result of a sanidine synthesised at high pressure (run 62) 
which varied from that of runs 51, 57 and 58 and had an increased total weight loss up to 800°C. 
Weight loss could be caused by the loss of surface water, fluid inclusion water in micropores and 
structural OH groups, or probably a combination of these. 

Figure 9.13 displays the complex variable weight loss with temperature for run 51. 

There is an overall weight loss of approximately 1.0 wt%. However, this weight loss 

occurs in stages. Up to 250°C the weight loss is small (less than 0.1 wt%). From 

250°C to 325°C a loss of approximately 0.45 wt% occurs. Between 325°C and 475°C 

the weight loss curve becomes shallower with a weight loss of only about 0.2 wt%. 

In the temperature range 475°C to 600°C no weight loss occurs and above 600°C the 

curve steepens again showing increased weight loss but flattens out again by 1 150°C. 

All four samples studied were initially only taken up to 800°C. Attempts to run 

samples to higher temperatures were curtailed by the failure of the experimental 

equipment which prevented any more work being achieved for several months. Two 

samples were eventually run up to 1150°C to check for further weight loss above 

800°C. Only a small loss of weight occurred between 800°C and 1150°C. The 

infrared traces in Figure 9.16 show that not all of the water had been lost by 1150°C 

and the weight loss curve shows slight change all the way up to 1150°C. Ideally the 

thermogravimetric analysis instrument should have been left at high temperature for 
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several hours until the weight loss reached a plateau. However, according to 

Kronenberg et al. (in press), this dehydration could take up to 200 hours which could 

have damaged the instrument. 

It is more difficult to explain the results shown in Figure 9.13 at the higher 

temperatures. The potential sources of weight loss could be adsorbed surface water, 

water in fluid inclusions or structural OH or H20. Part of the weight loss might be 

from some of the structural OH of the 3620 cm-' peak identified by infrared 

spectroscopy. It is probable that the loss of structural OH would be at higher 

temperatures than the temperatures for the loss of water within fluid inclusions. 

It is interesting at this stage to compare the thermogravimetric trace in Figure 9.13 

with that produced by a similar sample from run 45 (Fig. 9.15) which was fired at 

1100°C for 20 hours to remove water. As was shown in the previous section this 

firing may not have been sufficient to remove all of the structural "water". However, 

the sample should have lost all of the water which it might have released in a short 

duration run up to 1150°C. Thus any water loss can be attributed to surface water 

being adsorbed by the sample after firing. This surface water must be the cause of 

that weight loss between 75°C and 300°C of approximately 0.1 wt%. The surface 

water loss, although at slightly higher temperatures than in the unfired runs, is 

probably an explanation of the initial weight loss in Figures 9.13 and 9.14. The small 

but steady increase in weight (0.25 wt%) of the fired sample (Fig. 9.15) over the 

entire temperature range measured is probably a result of measurement drift in the 

thermogravimetric analysis machine. If this effect is caused by the normal drift of the 

machine it would indicate that all measurements might be approximately 0.03 wt% 

below their true measurement for every 100°C increase in temperature. 
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Fig. 9.15. A thermogravimetric result for a sanidine synthesised at high pressure (run 45) and then 
fired to 1100°C for 20 hours to remove any traces of structural OH over this temperature range (as 
identified by IR spectroscopy in Section 9.4.1). It shows the weight loss (black line) and the 
derivative of the weight loss with respect to temperature (grey line) plotted against temperature. Any 
weight loss should be the result of surface water adsorption. The gradual increase in weight over the 
entire temperature range measured is probably due to a slight measurement drift in the 
thermogravimetric analysis instrument. 

9.4.1 Infrared spectroscopy of the products of thermogravimetric analysis 

Samples of sanidine that had been subjected to thermogravimetric analysis were 

studied with infrared spectroscopy in order to see if all of their water had been 

removed. Some samples were run up to 800°C after which the water content was 

checked with infrared spectroscopy. The continuing presence of some remaining 

water meant that samples had to be run up to 1150°C, giving some idea of how the 

water content is affected by heating. All samples were checked with powder X-ray 

diffraction after thermogravimetric analysis to ensure that they remained as sanidine. 

Infrared spectroscopy of the products of thermogravimetric analysis (Fig. 9.16) 

showed that at 800°C both water peaks were still present but perhaps the peak at 

3620 cm-1  had slightly diminished in size relative to the peak at 3400 cm-1. By 

1150°C the peak at 3620 cm had disappeared completely but the peak at 3400 cm-' 

was still present. Kronenberg et al (in press) and Ames and Rossman (1985) found 

that the water in microcline and adularia only disappeared entirely when samples 

were annealed for 200 hours or more at high temperatures and that the peaks at lower 

wavenumbers took longer to disappear. The samples in this study were not held at 
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high enough temperatures for long enough to remove all of the water, leaving most of 

the water as a peak at approximately 3400 cm-1 . 
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Fig. 9.16. Infrared spectra obtained by diffuse reflectance of samples subjected to thermogravimetric 
analysis up to different temperatures. (spectra not drawn to the same transmittance scale) 

The normalised peak areas for samples subjected to thermogravimetric analysis were 

calculated and are listed in Table 9.4. The values calculated for the area of the 

shoulder at 3620 cnrt decrease as would be expected on dehydration but do not 

appear to show the same values for the same degree of dehydration. It is probable 

that this decrease is not significant and that the normalisation method is not giving 

reasonable results, as was also shown in Tables 9.2 and 9.3. The anomalous values 

for the third sample of run 53 is caused by the spectrum being a different shape to 

any of the others. This sample was run in a thermogravimetric analysis instrument in 

Manchester and it is possible that it may have begun to melt which could result in the 

partially different shape of the spectrum at lower wavenumbers. 
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Table 9.4. Normalised areas of infrared OH stretching peaks in samples after heating during 
thermogravi metric analysis 

Run description Normalised area of OH peaks Normalised area of shoulder 
(3800-3000 cm) (3690-3540 cm- 1) 

57 1.53 0.15 

53 1.19 0.10 

57 heated to 800°C 0.56 0.09 

57 heated to 1150°C 0.98 0.09 

53 heated to 1150°C 0.91 0.05 

53 heated to 1150°C 28?? 3?? 

9.5 Conclusions 

Sanidines synthesised at high partial pressures of water in this study contain 

structural "water". The type of "water" is possibly structural OH contained within 

more than one defect site. The evidence for structural OH is not conclusive because 

of the lack of a liquid nitrogen cooling facility and the absence of any peaks above 

noise level in the near infrared spectrum. The only indication for structural OH is the 

lack of H2O bending peaks when using the potassium bromide disc method. In three 

of the samples (from runs 62, 51 and the fired product of run 45) another peak 

appeared at 2900 cm-' which was unusual and was not readily explained. 

The general appearance of the spectra is more like that of adularia annealed at high 

partial pressures of water (Kronenberg et al., in press) or of a sanidine from a mantle 

eclogite xenolith (Rossman and Smyth, 1990) than that of Eifel sanidine. Eifel 

sanidines exhibit infrared peaks at lower wavenumbers (Beran, 1986). The method 

employing potassium bromide discs showed strong infrared peaks for the synthetic 

sanidines but not for a sample of Eifel sanidine run under the same conditions. Thus 

it is concluded that the water content of these synthetic sanidines is considerably 

greater than that of Eifel sanidine (0.018 wt% to 0.36 wt %, Hofmeister and 

Rossman, 1985b, and Beran, 1986, respectively) but by how much is not known. 

The general shape of the infrared spectra did not vary with pressure of synthesis but 

looked substantially different for the two different starting materials used. Attempts 

to calculate relative water contents of these samples from the infrared spectra by 

measuring the peak area normalised to a peak from the silicate framework was 

inconclusive. The absolute water content could not be measured by these methods. 
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Thermograv i metric analysis showed that there were many stages to the weight loss 

with increase of temperature. Infrared spectroscopy of the residues from 

thermogravimetric analysis showed that not all the water had been lost by heating to 

1150°C. The infrared peak at 3620 cm-1  had disappeared but the one at 3420 cm-1  

still remained. This result is consistent with the outcome of the work of Kronenberg 

et al. (in press) and Ames and Rossman (1985) that it takes up to 200 hours at 

elevated temperatures to remove the water entirely. 
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Chapter 10 

"Water" content of Klokken feldspars 
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10.1 Introduction 

In Chapter 9 is described a study of the water contents of sanidines, synthesised at a 

variety of pressures and temperatures, and observed and measured by infrared 

spectroscopy and thermogravi metric analysis. It was anticipated that the study of 

sanidines synthesised under such conditions would show some systematic variation 

in their water contents, but the methods employed did not produce any useful results. 

If sanidine contains more structural "water" at high temperatures then, on slow 

cooling, it would presumably exsolve some of its structural "water". This exsolved 

water may contribute towards the fluid which causes low temperature deuteric 

alteration, which forms patch perthites and turbidity in most feldspars. Also, if 

pristine, unaltered feldspar retains the water content that it had on growth from the 

magma, it could, in principle, permit a quantitative estimate of magmatic water 

content which is a critical variable in igneous petrogenesis. Thus additional evidence 

for structural "water" variation was sought from naturally occurring feldspars. 

Much work has been carried out on the water content of isolated samples of feldspar 

(e.g. Hofmeister and Rossman 1985a, Hofmeister and Rossman 1985b, Ames and 

Rossman 1985, Beran 1986, Behrens and Muller 1995 and Kronenberg et al., in 

press; see Section 9.2 for a review). However, variation in the water content of a suite 

of feldspars from a single pluton has not been investigated. The Klokken layered 

syenite of South Greenland (described in Section 10.2) is an ideal source of material 

for study as it contains rocks with over 80% by volume of alkali feldspars, and the 

various rock types are a well defined, evolving sequence, on the basis of Fe/(Fe+Mg) 

in mafic phases (Parsons, 1979 and Parsons and Becker, 1986a). The feldspars have 

been well characterised previously (Brown et a! 1983, see also bibliography in 

Parsons and Becker, 1986a)). The central part of the pluton consists of two 

interleaved suites of rocks, the granular syenites and the laminated syenites. The 

feldspars in both these suites of rocks show a systematic variation in the periodicity 

of the exsolution lamellae with stratigraphic height in the intrusion, the periodicity 

increasing downwards away from the roof. The granular syenites increase in grain 

size from the top of the intrusion towards the bottom, and show a regular downward 

increase in Fe/(Fe+Mg) in pyroxenes and olivines. There is therefore good evidence 

that the granular syenites are an "upper border group" which congealed against the 

roof of the intrusion. It was suspected that a regular variation might also occur in the 

structural "water" content of these feldspars, perhaps increasing as the magma 

evolved. A set of rocks from the granular syenites was chosen for this study as these 

were the more pristine, fluid-inclusion-free samples. In addition an attempt was made 

to establish whether the structural "water" content of the granular and laminated 
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series differed at the same stratigraphic height in order to explain the variations in the 

exsolution micro-textures between the two suites (see Brown et al., 1983, Worden et 

al., 1990). As it turned out this measurement was not possible because of the large 

quantity of fluid inclusion water in the laminated syenites. 

It was initially intended to apply both infrared spectroscopy and thermogravimetric 

analysis to the samples from the layered series of Klokken. Unfortunately, prior to 

the anticipated investigation, the Chemistry Department of St. Andrews University 

suffered a fire, followed by a flood which destroyed their thermogravi metric analysis 

machine. An alternative instrument was sought but none was found to have the 

precision required to study weight losses of less than 1% in a small sample of only a 

few milligrams. The machine in St. Andrews was not replaced in time and therefore 

the study of natural feldspars was restricted to infrared spectroscopy alone. 

10.2 The Klokken intrusion (see bibliography of Parsons and Becker, 1986a)) 

The first stage in the formation of the Klokken intrusion was the crystallisation of 

gabbro, followed by unlaminated syenite around the wall of the intrusion. Then, 

possibly simultaneously, the granular syenites chilled from the roof downwards 

whilst the laminated syenites accumulated by settling at the base of the chamber (Fig. 

10.1a). The dimensions of the magma chamber were calculated by Mason et al. 

(1985), which showed the minimum thickness of the total layered series to be 1370 - 

3260 m, using trace elements in feldspars. As crystallisation proceeded the water 

content of the magma increased until the uppermost laminated syenites may have 

crystallised from an almost water-saturated magma. The lower part of the laminated 

syenites is not exposed. As the upper laminated syenites accumulated the lower 

granular syenites began to spall off, falling gently onto the pile of cumulate mush 

below (Fig. lO.lb). The granular syenites must have fallen slowly as they were not 

broken by the process. The density contrast between the crystallised granular syenites 

and the magma (consisting of a mixture of liquid and crystals) must have been small. 

The granular syenites fell while the laminated syenites were still at magmatic 

temperatures. The layered series of Klokken therefore consists of interleaved 

granular and laminated syenites. The granular syenites make up only 15% of the 

layered series and are more abundant near the top of the intrusion. 
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Fig. 10.1. Schematic sketch cross-section through the Klokken magma chamber in order to show how 
the two layered series may have formed. The outer part of the section represents the gabbro and 
unlaminated syenite that lines the outer wall of the intrusion (a) Granular syenites chill against the 
roof whilst the laminated syenites accumulate at the base of the magma chamber. (b) The granular 
syenites spall off onto the rising pile of cumulate mush. The true shape of the magma chamber is 
thought to be cylindrical with the layers. forming a down pointing conical shape which may reflect the 
shape of the roof and floor of the chamber. The current exposure level means that approximately the 
lowermost third of the chamber is unexposed. 

Textural observations of the two series are shown in Figure 10.2, which, for 

convenience, is drawn as if the granular syenites had not fallen into the laminated 

syenites. The textures of the granular syenites confirm the roof chill theory, with the 

grain size and periodicity of the primary exsolution lamellae increasing with distance 

from the roof of the chamber. The lamellar periodicities are not sufficiently coarse to 

fit the estimated cooling time but the coarsening process could well have been 

inhibited by ordering and twinning (Brown and Parsons, 1984). The Klokken 

cryptoperthites are by now fully ordered and the microcline is in the diagonal 

association in crypto- and micro-perthite "braid" intergrowths with low albite. The 

laminated syenites show a similar change with stratigraphic height but with a two-

fold difference in the magnitude of the primary exsolution lamellar spacing. Brown et 

al (1983) suggested that this difference might be due to the water content of the 

magma from which the two series grew, since at the same stratigraphic height the 

feldspars in the granular and laminated syenites must have cooled at the same rate, 

and should therefore have similar lamellar periodicities 
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Fig. 10.2. Textural observations from the two syenite series. The magma chamber is sketched, for 
convenience, as if the granular syenites had not descended into the laminated syenites. 

The lower granular and especially the laminated syenites show deuteric alteration 

forming patch perthites which cut across the primary texture and are turbid, 

containing myriads of tubular micropores (Worden et al., 1990). Burgess et al. (1992) 

showed these micropores contained fluid. The laminated syenites are more severely 

affected by this late stage alteration which again may indicate that a water rich 

magma formed these rocks. Only small patches of the feldspars in the laminated 

syenites were left unaltered. The deuteric alteration of the granular syenites also 

increases with depth from the roof of the chamber, being negligible near the top. 
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10.3 Models of formation of feldspar textures 

The textural variation of the pristine feldspars and the deuteric alteration in the two 

syenites (Fig. 10.2) could have two explanations. Figure 10.3 sketches these two 

possible models for formation of the deuteric alteration by either late stage magmatic 

fluids or by exsolution of structural "water". The possibility for alteration by 

meteoric waters at low temperatures has been ruled out as the oxygen isotope 

signature of the fluid is an igneous one (Parsons et al., 1991). 

Fig. 10.3. .Two models for the formation of the pattern of feldspar textures seen and as shown in 
Figure 10.2. Model I is that for the deuteric alteration is caused by low temperature magmatic fluids. 
Model 2 is that for exsolution of structural 'water" incorporated at higher temperatures causes the 
deuteric alteration. 

10.3.1 Model 1: Alteration by kite stage magmatic fluids 

As the magma crystallises both the granular syenites and the laminated syenites, it 

should become more water-rich because only a small proportion of the magmatic 

water can be incorporated into the cumulus crystals which are "anhydrous" (feldspar, 

clinopyroxene, olivine). The small amount of structural "water" incorporated into 

these "anhydrous' crystals will presumably increase as the water content of the 

magma increases. The last remaining magma to crystallise at the top of the laminated 

syenites could be water saturated. In fact much of the exposed, upper section of the 

laminated syenites could have crystallised from a magma close to water saturation. 

Parsons (1979) suggested that crystallisation .from such a magma could explain the 

presence of the inversely graded layers seen in the laminated syenites in Klokken. In 
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each layer of the laminated syenites the quantity of iron-rich clinopyroxene and 

olivine increases upwards at the expense of the feldspar. The leucocratic part of the 

layer is usually more coarse grained, often drusy in comparison to the more mafic 

part of the layer. The variation in the vapour pressure will favour the crystallisation 

of first feldspar and then pyroxene as the degree of under-cooling changes with the 

depression of the melting curves. The drusy texture of the leucocratic parts of the 

laminated syenites, which also increases towards the top of the magma chamber, may 

indicate the presence of a free fluid released by a water saturated magma. 

These magmatic fluids must have been stored within the magma chamber, perhaps in 

the drusy cavities, until temperatures below 400°C are attained, by which time the 

feldspars had become fully ordered but subsequently remained in coherent 

intergrowths. The magmatic fluids must have circulated through the relatively porous 

laminated syenites, thus causing catastrophic coarsening with the development of 

patch perthites and turbidity (Worden et al., 1990). 

The granular syenites were unaltered by these late stage magmatic fluids because 

they were less permeable than the laminated syenites. The lower granular syenites are 

more altered, possibly because of their coarser grain size and as a result of the large 

volume of water-rich laminated syenite that surrounded them. 

The pattern of granular syenites anticipated would therefore be as shown in Figure 

10.4. The structural "water" of the feldspars may not show much variation with 

stratigraphic height but will probably increase as the water content of the magma 

increases. The structural "water" content of the feldspars would perhaps increase 

from the roof downwards in the granular syenites and from the floor upwards in the 

laminated syenites until some saturation level is achieved, either of the feldspar or 

the magma. After saturation the structural "water" component should be constant. 

The structural "water" component would probably be constant in the uppermost 

laminated syenites if the remaining pristine areas could be examined with infrared 

spectroscopy. The fluid inclusion water and deuteric alteration may increase slightly 

towards the base of the granular syenites, because of their proximity to large volumes 

of water rich laminated syenites, and would be relatively large and variable in the 

laminated syenites perhaps increasing towards the top of the chamber. The lower 

parts of the laminated syenites (beneath the current exposure level) may have formed 

before the magma became saturated and therefore may have fewer cavities and hence 

less fluid and deuteric alteration. 
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low 40E'C the remaining magmatic water peicollates through the rocks causing 
uteric alteration and the formation of fluid inclusions. The granular syenites seem 
lauvely impermeable and are only affected when they are surrounded by large 
turner of laminated syenites. Water may circulate more readily through the 

rninated syenites due to their drusy texture which may have formed as the magma 
came water saturated. 

Fig. 10.4. The variation in water anticipated if low temperature magmatic fluids caused the deuteric 
alteration. (Model I in Fig. 10.3). The magma chamber is sketched, for convenience, as if the granular 
syenites had not descended into the laminated syenites. 

10.3.2 Model 2: Alteration by exsolved structural "water" 

At high temperatures, as the magma crystallises, a portion of the magmatic water 

becomes incorporated into the feldspars. However, feldspars cannot hold the same 

quantity of water as the magma and thus, as crystallisation proceeds, the magma 

water content increases and hence the structural "water" of the feldspars increases 

also. At some point the feldspar and the magma will become saturated with water. 

The two must reach saturation together, in an analogous manner to cordierite theory 

(Carrington and Harley (1996)), if the phase rule is obeyed. A three component 

system of vapour, liquid and potassium feldspar can be considered as the addition of 

any other phase will simply add another component (Fig. 10.5). Under vapour absent 

conditions, where there are only two phases present (e.g. point (1) on Figure 10.5), 

there are three degrees of freedom. Hence at fixed pressure and temperature the 

dissolved water content of the two phases is variable. As the magma crystallises the 

vapour component increases and the water contents of both the melt and the feldspar 

increase simultaneously in equilibrium with each other. The actual water content will 

be determined by the distribution coefficient of water between the feldspar and the 

melt. The melt and the feldspar must reach saturation together (point (2) on Figure 

10.5) because as soon as the third vapour phase is present the degrees of freedom are 

limited to two. Hence at a fixed pressure and temperature the compositions of all 

three phases are fixed and can vary no longer. Addition of more vapour merely 

increases the proportion of the vapour phase without altering the composition of any 
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of the three phases. The pattern of variation in structural "water" would thus be as 

shown in Figure 10.6. 

H20 

Liquid 	 feldspar 

Fig. 10.5. A sketch to show that the melt and the feldspar crystals must reach saturation together at 
point (2) when the addition of more water brings the composition into a divariant field where the 
composition of the three phases is fixed if the pressure and temperature are constant. 

In Chapter 9 it was anticipated that a variation of structural "water" in sanidine with 

pressure and temperature of synthesis would be apparent. The method used in the 

study of synthetic sanidine did not produce any useful results and so it was not 

possible to determine whether sanidine had a greater capacity for structural "water" at 

high temperatures or not. The model for exsolution of structural "water" forming the 

deuteric alteration in Klokken presumes that feldspars hold more structural "water" at 

elevated temperatures. There is some evidence, from the formation of fluid inclusions 

by Eifel sanidines during annealing experiments (Bertelmann et al., 1987), that 

sanidines can hold more structural "water" at the pressure-temperature conditions 

under which the Eifel sanidines crystallised. The conditions under which the Eifel 

sanidines formed are, however, unknown. Thus, if it is possible to show that this 

model is a plausible explanation for the textural observations seen at Klokken, then it 

would be a good indication that feldspars do have a larger capacity for water at 

higher temperatures. If feldspars crystallised at elevated temperatures incorporate 

water into their structure on crystallisation and are then slowly cooled, the maximum 

structural "water" content may decrease to a lower value at lower temperatures. The 

remaining water of the feldspars which contain more than this critical maximum 
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concentration will presumably be exsolved, perhaps below 450°C, to form a more 

localised fluid which causes the alteration. 

The right hand side of Figure 10.6 shows the pattern of the variation of structural 

"water", fluid inclusion water and deuteric alteration expected after cooling if 

exsolved water was the main cause of alteration. The structural "water" should 

increase steadily in the pristine feldspars of the granular syenites until saturation is 

reached when the remaining water will exsolve to cause some deuteric alteration. If it 

could be shown that saturation of the structural "water" component of the feldspars 

occurred at the same level in the magma chamber as that where the fluid inclusions 

and the deuteric alteration just appear (i.e. in the lowermost two granular syenite 

samples) then this would not contradict the exsolution model for the formation of the 

deuteric alteration. The feldspars in the laminated syenites may be saturated over 

most of their range and therefore show a constant value for structural "water" in the 

small unaltered patches. The exsolved fluid inclusion water will increase in quantity 

from the bottom of the chamber until it reaches the level where the structural "water" 

in the high temperature feldspar became constant if the fluid released does not move 

far. As only the upper parts of the laminated syenites are exposed, it is probable that 

only that region is observed where the structural "water", fluid inclusion water and 

hence the deuteric alteration appear constant. Parsons and Becker (1986b) found that 

subsolidus fluids released by the laminated syenites circulated through the chamber 

causing irregular intra-layer variation. The circulation of fluid was thought to have 

formed the overall trend of the outer parts of the chamber being more evolved than 

the inner ones. This trend is shown by the zoning in pyroxenes which is reversed in 

high Mg samples near the centre, where pyroxenes have high Mg rims, but is normal 

in the more Na-rich samples nearer the outer parts of the intrusion, where the rims 

become richer in Na. The outer rocks can also contain almost pure acmite, usually 

with inter-cumulus quartz, and sometimes intensely coloured amphiboles. The fluids 

which caused these mineralogical differences may have done so at higher 

temperatures than those which caused the deuteric alteration of the feldspars 

(<450°C). There is little evidence that lower temperature fluids circulated as widely 

as the fluids at higher temperatures but if the pathways were still open then any 

exsolved fluids forming the deuteric alteration and fluid inclusions may not show the 

patterns described above. 
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Fig. 10.6. The variation in water anticipated if exsolution of water incorporated into the feldspar 
structure at higher temperatures, caused the deuteric alteration. (Model 2 in Fig. 10.3). The magma 
chamber is sketched, for convenience, as if the granular syenites had not descended into the laminated 
syenites. 

10.3.3 Differentiating between the two different models 

If the theory of the exsolution of structural "water" were correct then the pattern of 

the structural "water" variation, in comparison to the fluid inclusion water and 

deuteric alteration, with depth should be examined. The increase in fluid inclusion 

water with distance from the roof of the chamber at the base of the granular syenites 

can be seen optically, but this observation would fit either hypothesis for the source 

of the water. If exsolution of structural "water" caused the deuteric alteration then 

one would expect the structural "water" component in the pristine areas of the 

feldspar to increase downwards until the fluid inclusions appear and from that point 

on remain constant. Hence the lower granular syenites and all the upper laminated 

syenites should have the same structural "water" content. In the presence of large 

amounts of fluid inclusion water an infrared spectrum would not show any evidence 

for structural "water", as any sharp structural "water" peaks would be obscured by the 

broad peak resulting from fluid water. The laminated syenites do contain small 

patches which are pristine but these were too small to permit measurement of their 

water content using the infrared microscope. The only evidence available must come 

from the less altered feldspars at the top of the intrusion in the granular syenites, in 

order to see whether the structural "water" component alters systematically. Hence 

five samples of the granular syenites were chosen for study by infrared spectroscopy. 

All the laminated syenites were too altered to identify structural "water" in their 

spectra (Walker 1991, figs 4.8p and 4.8q). The sample descriptions and compositions 

are given in Table 10.1 (Parsons et al, 1988) 
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Table 10. 1. Chemistry and descriptions of samples from Klokken used in present study. Reproduced 
from Table 1 of Parsons et al (1988). 

Sample No. Height General character and optical appearance Bulk composition 
Or 	Ab 	An 

GGU 573 m Featureless cryptoperthite. Glass clear crystals with 41.9 	55.3 	2.80 
140182 from rare trains of inclusions localised along fractures. 

base Verysimple grain boundaries. Grain size = 1 mm 

GGU 550 m As above. Grain size = 1.5 mm 48.1 	49.2 	2.70 
140175 

GGU 318 m Braid microperthite just visible in some areas. 41.5 	56.5 	2.00 
140115 "Pleated" textures at grain boundaries. Glass clear 

crystals with rare trains of inclusions. = 2 mm 

GGU 235 m Braid microperthite universally visible. "Pleated" 33.0 	66.0 	1.00 
140021 boundaries and slight suturing. Some areas with slight 

turbidity, particularly along grain edges, but glass 
clear material much predominant. Grain size =2-4mm 

GGU 55 m As above. More areas of mild turbidity than 140021 33.3 	66.2 	0.5 
140092 but dominantly clear feldspar. Minor development of 

patch perthite in turbid areas. Grain size = 4-10 mm 

10.4 Methods of infrared spectroscopy used to determine the "water" content 

The spectrometer and the techniques used for infrared spectroscopy were described 

in Chapter 3. The method of analysis used to study the natural feldspar was changed 
from that used for studying synthetic samples, owing to the differing nature of the 

samples. The synthetic samples were composed of a very fine grained powder and so 
the standard method of analysis was by the use of transmission of infrared radiation 
through a pressed disc of potassium bromide that had been mixed with the sample. 

This method had inherent problems due to the hygroscopic nature of the potassium 

bromide. If the water content of the sample was sufficiently large, as was perhaps 
found in the synthetic sanidine samples, then it would not be obscured by the broad, 
surface water peak. The potassium bromide method was initially used with ground 

samples of very pristine crystals of feldspar picked from each of the Klokken 
samples, but any water peaks were hidden by a broad surface water peak, and so the 
Klokken samples presumably have less structural "water" within them than the 
synthetic samples. 

Another method for the analysis of the synthetic samples was of diffuse reflectance 
off finely powdered pristine samples. This method should result in an average 

spectrum for all orientations of the crystals. With the Klokken samples this 
reflectance method appeared to show peaks, not only in the 2800 cm-1  to 3600 cm-1  
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region, but also at 3750 cm' and 3840 cm-' (Fig. 10.7). Though not often used, this 

method provides an observation of an average spectrum. Transmission through a 

single crystal with the aid of an infrared microscope (see below) can produce an 

improved quality spectrum. Spectra measured using an infrared microscope (Fig. 
10.8) did not have the peaks at 3750 cm-1  and 3840 cm-1, and thus they were not 
pertaining to structural "water" peaks, but perhaps to interference from the diffuse 
reflectance method. The diffuse reflectance method was more useful for calculating 

the normalised peak areas in the OH stretching region, although the technique did not 
work well with the synthetic samples. 

For comparison with the diffuse reflectance method and with previous work, spectra 

were also measured using a Nicolet Nicplan infrared microscope as described in 
Chapter 3. Rock samples were made into slabs of approximate thickness 0.2 to 0.3 

mm, polished on both sides. The polish was not perfected in order to reduce the 
interference of reflected radiation which can reverberate between the two polished 
surfaces if they are parallel. The samples had to be of this thickness because the 

feldspar grain size was 1 mm in diameter in most of the samples and it was only 
possible to find a reasonable number of pristine crystals if the sections were thin. 

This thickness of sample gave strong peaks in the OH stretching region but was too 
thin to show any combination peaks, of OH stretching and H20 bending, above noise 
level in the near infrared region of the spectrum above 4000 cm-1. 

10.5 Results of infrared spectroscopy 

The diffuse reflectance (Fig. 10.7) gave five traces which appear very similar to the 

average of fifteen spectra obtained using the infrared microscope (Fig. 10.8) if the 

two peaks at 3750 and 3840 cm-1  are ignored. The shapes of these spectra do not 

appear to vary systematically with stratigraphic height in the pluton. The areas under 

the peaks between 3600 and 2800 cm-1  were measured and normalised to the area of 

a peak between 1190 and 1050 cm 1 , which is one of the peaks produced by the 

sanidine framework, i.e. it represents either an Al-0 bond or an Si-O bond, the size 

of which should not change between similar feldspars. The normalised areas for all 

the peaks in this range and also the shoulder at 3560 cm-' are listed in Table 10.2: 

Normalising the area under the peaks was only possible with the drift method, as the 

microscope method was saturated in the region of the spectrum which contained the 

reference peak and no other suitable peaks were available. The area of the shoulder at 

3560 cnr' was measured by drawing a tangent which approximated the edge of a 

broad hump at 3400 cm-1. This normalisation process is not strictly valid as the peak 
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used as a reference is partly outside the linear range of the spectra which lies between 

100% and 20% transmittance (Brian Jackson, pers. comm.). However, there is also 

no systematic variation when using the drift method, in the area under the peaks prior 

to normalisation. These should be roughly proportional to the quantity of water, with 

stratigraphic height, if the grain size of the samples are all similar. 

Table 10.2. Normalised areas beneath OH stretching peaks on a plot of absorbance against 
wavenumbers obtained using a diffuse reflectance method. All values were normalised to a peak 
between 1190 and 1050 cm-1. 

Sample number (in order of 	All OH stretching peaks 	Main shoulder at 3560 cm' 
stratigraphic height in the 

Area 3740 - 2800 cm- 1 	Area 3690 - 3540 cm-1 magma chamber) 

140182 	 330 	 1.60 

140175 	 88.7 	 4.70 

140115 	 - 	 24.5 	 2.23 

140021 	 37.4 	 1.14 

140092 	 30 	 0.83 

DIFFUSE REFLECTANCE 

140182 

140175 

140021 

---;1~40012 

4000 	3800 	3600 	3400 	3200 	3000 	2800 
Wavenumbers (cm) 

Fig. 10.7. Analysis of powdered samples of pristine, fluid inclusion free feldspars from the Klokken 
granular syenites using a diffuse reflectance method. Spectra are not drawn to the same reflectance 
scale. 

I- 
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INFRARED MICROSCOPE 

average of 15 spectra per sample 

140182 

140175 

140115 

140021 

4000 	3800 	3600 	3400 	3200 	3000 	2800 
Wavenumbers (cm') 

Fig. 10.8. Spectra from five samples of the Klokken granular syenites measured using an infrared 
microscope and taking an average of 15 spectra per sample. Spectra are not drawn to the same 
transmittance scale. 

The fifteen separate spectra from each sample show that the variation between 

crystals is large. Various authors (e.g. Hofmeister and Rossman, 1985a) have shown 

that structural "water" in feldspars can occur in a fixed orientation within the lattice. 

When polarised radiation interacts with an H20 molecule it causes the symmetric 

stretching and bending vibrations to be excited when the incident radiation is parallel 

to the two-fold symmetry axis of the H20 molecule. The asymmetric vibration is 

excited when the incident radiation is perpendicular to this direction but in the plane 

of the molecule. Although polarised incident radiation was not used in this study the 

peaks should still show some variation with the orientation of the crystal. With these 

thick sections and the lack of a high power optical objective on the infrared 

microscope, it was not possible to acquire good interference figures to fully orientate 

each crystal. However, some idea of the orientation of each crystal could be gathered 

from the pattern of the exsolution lamellae. In these coherent crypto- and 

microperthites the lamellae always exsolve either along the planes {i} or parallel to 

b*. Therefore, if two sets of lamellae can be seen optically forming a sharp crossed 

"braid" pattern, the plane of the crystal must be near (001). If only one set of sharp 

lamellae is seen the crystal is probably perpendicular to (001). As each of the spectra 

were measured the texture of the crystal was noted and photographed in order to 
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estimate the orientation of the crystal. Commonly no texture was visible in all of the 

samples, especially in the cryptoperthites 140182, 140175 and 140115, and 

sometimes the crystals appeared patchy. The patchiness may have been localised 

patch perthite development, but was often the result of the poor polish on the section 

or the presence of an abundance of apatite inclusions. Tables 10.3, 10.4, 10.5, 10.6 

and 10.7 list the descriptions of each crystal and the peaks present in each of the 

spectra measured for the samples 140182, 140175, 140115, 140021 and 140092 

respectively. The corresponding spectra are shown in Figs 10.9, 10.10, 10.11, 10.12 

and 10.13. 

The peak positions observed in these five samples were at: 

3560 cm-1 	sharp 

3400 cm 1 	broad 

3400 cm-' sharp 

3280 cm-' sharp 

3230 cm-1  broad 

3060 cm 	broad 

There does not seem to be any systematic variation in these spectra with the 

orientation of the crystal. In fact six of the spectra from sample 140021 were taken 

using different portions of the same crystal which should therefore have the same 

orientation. The crystal used was one with a very strong crossed pattern of exsolution 

lamellae and so was in the plane of (001). Figure 10.14 shows the large variation in 

these six spectra. Four of the spectra look very similar but two are quite different 

with an extra sharp peak at 3400 cmt. The parts of the crystal sampled with the 

infrared beam all looked similar under the microscope. 
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Table 10.3. Peaks observed in 15 spectra (Fig. 10.9) of different crystals of sample 140182 using an 
infrared microscope. 

Sample 140182 
Scan No. Description of exsolution textures Peaks present 

not observed 3560s 3400b 3400s 

2 not observed 3560s 3400b 3230b 

3 not observed 3560s 3400b 3230b 

4 not observed 3560s 3400b 3230b 

5 not observed 3560s 3400b 3400s 	3230b 

6 not observed 3560s 3400b 3400s? 

7 not observed 3560s 3400b 3230b 

8 no obvious texture 3560s 3400b 

9 no obvious texture 3560s 3400b 3230b? 

10 no obvious texture 3560s 3400b 3280s 

11 very weak crossed lamellae 3560s 3400b 3280s 

12 weak crossed lamellae 3560s 3400b 3280s 

13 weak straight lamellae 3560s 3400b 3230b 

14 very weak crossed lamellae 3560s 3400b 3230b 

15 weak straight lamellae 3560s 3400b 3230b 

U 

'.3 

E 
C 
'5 

I- 

15 	 140182 

11 
-14 

-12 

I 	 I.I . I . 

'wUU 	jOUU 	.30UU 	'WU 	.ZVU 	jUUU 	ISUU 

Wavenumbers (cm) 
Fig. 10.9. Fifteen spectra from different crystals of sample 140182 measured using an infrared 
microscope. Spectra are not drawn to the same transmittance scale. Peaks are listed in Table 10.3. 
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Table 10.4. Peaks observed in 15 spectra (Fig. 10.10) of different crystals of sample 140175  using an 
infrared microscope. 

Sample 140175 
Scan No. 	Description of exsolution textures 	Peaks present 

no obvious texture, patchy 3560s 3400b 3230b 

2 no obvious texture, patchy 3560s 3400b 3230b 

3 no obvious texture 3560s 3400b 3230b 

4 no obvious texture 3560s 3400b 3230b 

5 very weak straight lamellae, patchy ? ? 3230b 	3060b 

6 strong straight lamellae 3560s 3400b 3230b 

7 no obvious texture 3560s 3400b 3230b 

8 no obvious texture, patchy 3560s 3400b 3230b 

9 weak straight lamellae 3560s 3400b 3230b 

10 weak straight lamellae 3560s 3400b 3230b 

ii no obvious texture ? ? 3230b 	3060b 

12 no obvious texture 3560s 3400b 3230b 

13 no obvious texture 3560s 3400b 3230b 

14 no obvious texture 3560s 3400b 3230b 

15 no obvious texture 3560s 3400b 3230b 

U 
C 
C, 

E 
C3 

I.- 

140175 

14 
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. 	

.. 	. 
4000 	3800 	3600 	3400 	3200 	3000 	2800 
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Fig. 10.10. Fifteen spectra from different crystals of sample 140175 measured using an infrared 
microscope. Spectra are not drawn to the same transmittance scale. Peaks are listed in Table 10.4. 
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Table 10.5. Peaks observed in 15 spectra (Fig. 10.11) of different crystals of sample 140115 using an 
infrared microscope. 

Sample 140115 
Scan No. Description of exsolution textures Peaks present 

not observed 3560s 3400b 3230b 

2 not observed ? 3060b 

3 not observed ? ? 3060b 

4 not observed 3560s 3400b 

5 not observed ? ? 3060b 

6 weak crossed lamellae 3560s 3400b 

7 weak crossed lamellae 3560s 3400b 3230b 3060b 

8 no obvious texture 3400b 3060b 

9 no obvious texture 3560s 3400b ? 

10 weak straight lamellae 3400b 3060b 

11 weak straight lamellae 3560s 3400b 3230b 

12 no obvious texture 3560s 3400b 3230b 

13 strong straight lamellae 3560s 3400b 3230b 

14 no obvious texture ? 3060b 

.• 
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Wavenumbers (cm I 
Fig. 10.11. Fourteen spectra from different crystals of sample 140115 measured using an infrared 
microscope. Spectra are not drawn to the same transmittance scale. Peaks are listed in Table 10.5. 
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Table 10.6. Peaks observed in 15 spectra (Fig. 10.12) of different crystals of sample 140021 using an 
infrared microscope. 

Sample 140021 
Scan No: Description of exsolution textures Peaks present 

not observed 3400b 3060b 

2 weak crossed lamellae 3400b 3060b 

3 weak crossed lamellae 3560s 3230b 

4 strong straight lamellae 3400b 3060b 

5 strong straight lamellae 3560s 3400b 

6 no obvious texture ? 	3400s 3060b 

7 strong straight lamellae 3400b 3060b 

8 no obvious texture 3400b 3060b 

9 no obvious texture 3400b 3060b 

10 strong crossed lamellae 3400b 3060b 

11 strong crossed lamellae 3560s ? 	3400s 3230s? 

12 strong crossed lamellae 3400b 3060b 

13 strong crossed lamellae 3400b 3060b 

14 strong crossed lamellae 3560s 3400b 	? 3230b 

15 strong crossed lamellae 3400b 3060b 

140021 

13 

- 
U 
	 15 

I- 
	 15 	12_1 

14 

4000 	3800 	3600 	3400 	3200 	3000 	2800 

Wavenumbers (cm ') 

Fig. 10.12. Fifteen spectra from different crystals of sample 140021 measured using an infrared 
microscope. Spectra are not drawn to the same transmittance scale. Peaks are listed in Table 10.6. 
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Table 10.7. Peaks observed in 15 spectra (Fig. 10.13) of different crystals of sample 140092 using an 
infrared microscope. 

Sample 140092 
Scan No. Description of exsolution textures Peaks present 

strong straight lamellae 3400b 3230b 

2 strong straight lamellae 3570s 3400b 3230b 

3 strong crossed lamellae 3400b 3230b 

4 strong crossed lamellae 3570s 3400b 3230b 

5 strong straight lamellae 3400b 3230b 

6 no obvious texture 3400b 3230b 

7 strong straight lamellae 3570s 3400b 3230b 

8 no obvious texture 3570s 3400b 3230b 

9 no obvious texture 3570s 3400b 3230b 

10 weak straight lamellae, patchy 3570s 3400b 3230b 

II no obvious texture, patchy 3570s 3400b 3230b 

12 no obvious texture, patchy 3570s 3400b 3230b 

13 strong crossed lamellae 3570s 3400b 3230b 

14 strong crossed lamellae 3570s 3400b 3230b 

15 strong crossed lamellae 3570s 3400b 3230b 

140092 

() 

E 

400U 	JSUU 	3tJO 	3400 	3200 	3000 	2800 
Wavenumbers (cm 1 

Fig. 10.13. Fifteen spectra from different crystals of sample 140092 measured using an infrared 
microscope. Spectra are not drawn to the same transmittance scale. Peaks are listed in Table 10.7. 
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Fig. 10.14. Six spectra, measured using an infrared microscope, from a single crystal from sample 
140021 showing the large variation in shape of the spectra for a single optic orientation. Spectra are 
not drawn to the same transmittance scale 

10.6 Discussion 

The lack of any systematic variation of the infrared spectra in the OH stretching 

region with stratigraphic height in the Klokken syenites, as predicted by the model 

for the exsolution of structural 'water" (Fig. 10.6), may indicate that the water which 

caused the deuteric alteration of the feldspars to form patch perthites and fluid 

inclusions was caused mainly by magmatic fluids percolating through the rocks. It is 

possible that the exsolution of structural "water" from the high temperature feldspars 

may be a component of these fluids which caused the alteration but it is not the 

dominant one. 

The lack of systematic variation with orientation of the crystal is not understood. 

Taking the spectra at face value the variation of the water content even within one 

crystal is so large that any interpretation based on these results appears to be 

doubtful. 

It is, however, interesting to note how these traces compare with those of previous 

authors. The feldspars from Klokken are composed of approximately half potassium 

feldspar, as microcline, and half a sodium-rich plagioclase. Previous workers have 
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only studied end member feldspars of gem quality. The combination of two feldspars 

in a perthite may cause additional confusion in the behaviour of structural "water". 

The evidence for structural "water" in potassium feldspar was summarised in Chapter 

9. The general consensus of opinion is that sanidines show evidence of 

predominantly structural OH and microclines of structural H20, probably held in 

two, or perhaps more, sites. Plagioclase feldspars seem to show evidence for 

structural OH (Hofmeister and Rossman, 1986). 

Two of these studies of potassium feldspar used white microcline from the Elisabeth 

R mine in Pala, California (Ames and Rossman, 1985 and Hofmeister and Rossman, 

1985a). Ames and Rossman (1985) showed the microcline contained two types of 

H20 which were lost on heating at different temperatures. Type I produced peaks at 

3620 cm-' and 3550 cm-' which persisted on heating up to 660°C, whereas the peaks 

for Type H at 3440 cm-' and 3280 cm-' only remained until 400°C. Hofmeister and 

Rossman (1985a) found that the peaks at 3620 and 3550 cm 1  were strongly polarised 

in different directions as would be expected for symmetric and asymmetric stretching 

of a water molecule held in one site in the crystal structure in a fixed orientation. The 

Type II water was not strongly polarised. Hofmeister and Rossman also saw peaks at 

3400 and 3050 cm-1. When they looked at these spectra at liquid nitrogen 

temperatures only the peaks at 3400 and 3050 cm-' formed additional peaks as a 

result of the formation of ice (see Section 3.6. 1) showing that these two peaks were 

due to free fluid water. They did not attempt to explain the reason for the presence of 

two peaks for fluid water. Fluid water either in fluid inclusions or on grain 

boundaries and fractures should produce one broad peak in the OH stretching region 

at lower wavenumbers than structural OH peaks (Ames and Rossman, 1984). A 

separate fluid peak at higher wavenumbers might result from fluid contained within a 

population of very small pores where the degree of hydrogen bonding is less. The 

other four OH peaks were therefore structural peaks. Kronenberg et al (in press) 

conducted a similar study on Kristallina adularia from Switzerland. They too found 

peaks in similar positions at 3620, 3455, 3280 and 3090 cm-1  which agreed well with 

the work of Hofmeister and Rossman (1985a) and Ames and Rossman (1985). All 

three of these studies found two peaks in the near infrared around 5200 cm-' but none 

at 4500 cm-1  which also indicated that the predominant water species in microcline is 

molecular H2O. 

In plagioclase of oligoclase composition, however, Hofmeister and Rossman (1986) 

found three broad bands at 3600, 3450 and 3170 cm-' at ambient temperatures. They 

claimed that these represented structural OH rather than structural H2O as there were 
no peaks in the 5200 cm-1  region, but they did not mention the presence of a 
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combination band at 4500 cm either, as would be expected from structural OR The 

water content of this plagioclase, measured by integrated area of OH peaks 

normalised to sample thickness, was considerably smaller, by approximately an order 

of magnitude, than microcline in their previous study. They also did not state any 

evidence for all three of these bands being structural "water", for example by the 

formation of ice peaks at liquid nitrogen temperatures. One or more of these three 

peaks may in fact be due to fluid inclusion water. Despite this uncertainty the 

spectrum for plagioclase does appear to be considerably different to that for 

microcline. 

In the present study the spectra appeared in general more like the spectra for 

microcline than plagioclase. It was not possible to study the change in the peaks at 

liquid nitrogen temperatures, as the microscope was not equipped with the facility to 

do so, and so the presence of fluid water was not confirmed. Two large, broad peaks, 

which may have been fluid water, were observed in the same location as the fluid 

water of Hofmeister and Rossman (1985a) at 3400 and 3050 cm'. There was 

commonly a strong sharp peak at 3570 cm-' which may well have been of the same 

origin as the one observed at 3550 cm-' in all the previous work on microclines. 

However, if this was evidence of structural Type I "water" as described by Ames and 

Rossman (1985) the partner to this peak at 3620 cm-1  appears to be missing. If Type 

H "water" occurs it is often hard to observe on the spectra owing to the presence of 

the two broader peaks. Occasionally there was a sharper peak at 3400 cm-1  on top of 

the broader one and more rarely a sharp peak 3280 cm-1. These could be indicative of 

Type H "water". Often here there was a further broad peak at 3230 cm-' which had 

not been noted by any of the above authors. 

Clearly the spectra of the samples from Klokken show some similarities with 

microcline but are not identical. The water peaks in the 2800 to 3600 cm-' region 

require the use of a liquid nitrogen cooling stage in order to identify whether these 

are fluid water peaks. However, a full understanding of the structural "water" peaks 

is probably impossible due to the nature of the samples. Additional evidence from the 

near infrared was unobtainable with this thickness of sample as any peaks were 

below noise level. Thicker samples, producing larger peaks, would contain very few, 

if any, entirely pristine feldspars. By usual standards in plutonic igneous rocks these 

Klokken feldspars are exceptionally pristine and fluid inclusion free in comparison 

with most feldspars from other localities and yet even in these samples most of the 

structural "water" component peaks are not easy to observe behind the broader fluid 

inclusion peaks. Hence it is not envisaged that this method of identifying the 

structural "water" components can be of much use elsewhere with poorer quality 
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specimens. In particular the structural "water" content of the laminated syenites was 

almost entirely obscured by the fluid inclusion water and therefore it would not be 

possible to study differences between the laminated and granular syenites. 

10.7 Conclusions 

No obvious systematic changes of structural "water" with stratigraphic height within 

the granular syenites of the intrusion may indicate that exsolution of structural 

"water" is not the dominant cause of deuteric •alteration. However, the diffuse 

reflectance method may not be suitable for calculating relative water contents (see 

Section 9.3.2). Microscopic methods of observation should be more reliable when 

normalised to sample thickness but, since the variation in the infrared peaks with 

orientation of the crystal was irregular, any comparison between samples was 

difficult. It was not possible to fully identify the OH stretching peaks. Klokken 

contains pristine, fluid inclusion free feldspars and yet the quality of the samples was 

not sufficiently good to permit a complete study of the water content using infrared 

spectroscopy. The presence of both microcline and albite in the perthites may be the 

cause of further confusion to the spectra. This technique seems to be of little use 

except for the study of the large gem quality feldspars used in previous 

investigations. 
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Chapter 11 

Conclusions and possibilities 
for further work 
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11.1 Conclusions and implications of this research 

Potassium feldspar has been studied using a variety of techniques with the aim of 

achieving a fuller understanding of its behaviour at high partial pressures of water. 

High pressure experiments with the piston cylinder apparatus have been used to 

determine the position of the reaction defining the upper pressure stability limit of 

potassium feldspar with water to form a hydrated phase, "sanidine hydrate", and to 

synthesise both sanidine and "sanidine hydrate" for investigation of the solubility of 

water in these minerals. The variation of the structural "water" contents of "sanidine 

hydrate" was examined using infrared spectroscopy and thermogravimetric analysis. 

X-ray diffraction techniques were also used to investigate the variation of the cell 

parameters of "sanidine hydrate" with the quantity of structural "water". Infrared 

spectroscopy was used as a method of calculating the relative amounts of structural 

"water" in synthetic and natural sanidines in order to establish whether the structural 

"water" of these also varied with pressure-temperature conditions of crystallisation. 

The main conclusions of these studies are summarised below: 

I) The position of the reaction between sanidine and water to form "sanidine 

hydrate" lies between the four brackets of 2.35 and 2.5 GPa at 450°C, 2.4 and 

2.59 GPa at 550°C, 2.67 and 2.74 GPa at 650°C and 2.70 and 2.72 GPa at 

680°C. 

The predominant water species in "sanidine hydrate" is structural H20 

molecules held within one site in the crystalline structure. 

The apparent quantity of this structural H20 varied between 4.42 and 5.85 

wt% over the pressure range of 2.7 to 3.2 GPa and temperature range of 450 

to 680°C. These apparent values for structural H20 may be low as the 

samples were contaminated with platinum when they were extracted from the 

capsule in the piston cylinder experiment. 

This variation in the structural "water" content in "sanidine hydrate" was not 

a regular variation with the pressure and temperature of synthesis, perhaps 

implying that the platinum contamination was obscuring any of the 

systematic behaviour. However, it was shown that the water could be 

removed entirely from "sanidine hydrate" by dehydration to create an 

anhydrous hexagonal phase, "hexasanidine". The measured water content of 

"sanidine hydrate" did not exceed one molecule of H20 per formula unit. 

Therefore it is probable that a solid solution exists between KA1Si308.H20 
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and hexagonal KA1Si308  in a similar manner to that found in cymrite 

(Graham et al., 1992, Viswanathan et al., 1992). 

The unit cell parameters of "sanidine hydrate" were a = 0.5337 (±0.0003) nm 

and c = 0.7714 (±0.0009) nm and were not found to vary over the pressure-

temperature range of synthesis studied. The unit cell parameters of 

"hexasanidine" were a = 0.5288 (±0.001) nm and c = 0.7818 (±0.0005) nm. 

Thus the a cell parameter of "sanidine hydrate" decreases whereas the c cell 

parameter increases on dehydration. This behaviour is very similar in manner 

and magnitude to that found by Viswanathan et al. (1992) for the cell 

parameters of cymrite and hexacelsian. 

The data from the reversal experiments, the unit cell parameters and the water 

content of "sanidine hydrate" were used to calculate thermodynamic data on 

the reaction. Attempts to evaluate thermodynamic data on the dehydration of 

"sanidine hydrate", using the measured structural "water" contents, showed 

that the variation was not systematic with pressure and temperature. Hence 

the calculated variation in the composition of "sanidine hydrate" as a function 

of pressure and temperature was not used in further calculations on the 

reaction between sanidine and water to form "sanidine hydrate". The use of 

constant values for the water contents gave values similar to each other if 

either the average, of 0.83 molecules per formula unit, or I molecule of H20 

per formula unit was used. A method of calculation, as described by 

Chatterjee (1991), gave values for the average enthalpy AHr)T  over the 

pressure-temperature range .studied of 18000 (±5000) Jmol' and average 

entropy LS(r)T  of 92.75 (±5.80) JK'mol' if n = 0.83 in the formula 

KAISi3O8.nH20. 

Sanidines synthesised in experiments over a pressure range from 0.1 to 2.5 
GPa and a temperature range of 550 to 750°C contain structural "water" 

perhaps occurring as OH groups. The quantity of this water may be greater 

than that found in natural sanidines from the Eifel region of West Germany, 

that have high water contents of between 0.036 and 0.018 wt%. The structural 

"water" in these synthetic sanidines absorbs infrared radiation at lower 

wavenumbers in the OH stretching region than the structural "water" in Eifel 

sanidine but otherwise the spectra are similar in shape. 

Attempts to show the systematic variation of the structural "water" 

component of these synthetic sanidines with pressure and temperature of 
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synthesis was not successful. In fact the spectra appeared to differ more 

depending on the starting material used rather than the pressure-temperature 

conditions. 

Within the OH stretching region, infrared spectra from feldspars in the 

Klokken layered syenites, from South Greenland, appear more like microcline 

annealed at high partial pressures of water than plagioclase but they do not 

exhibit a peak at 3620 cm-' as would the microclines studied by previous 

authors. The type of structural water species could not be fully identified but 

may be a combination of H20 and OR There was also probably some fluid 

inclusion water present, causing broad peaks even in the most pristine 

samples. These OH stretching peaks did not appear to show any clear pattern 

dependent on the orientation of the crystal as would be expected. 

Evidence for systematic variation in the quantity of structural "water" was not 

found in the Klokken layered syenites. This may indicate that there was no 

systematic variation in the feldspars examined but it probably implies that the 

method of calculating the normalised areas of peaks, as an indication of 

relative concentration, is not a good one. However, this result does not 

provide any positive evidence for a magma with an evolving fluid 

composition or that potassium feldspar is capable of containing more 

structural "water" at higher temperatures. Hence the dominant cause of the 

widespread deuteric alteration seen in parts of this intrusion could not be 

determined. 

The stability of "sanidine hydrate" at high partial pressures of water could provide a 

reservoir for water in rocks subjected to high partial pressures of water but low 

temperatures, as "sanidine hydrate" is capable of dissolving up to approximately 6.0 

wt% of water in its structure. It may be possible to attain these conditions in some 

subduction zones. Numerical modelling of a subduction zone suggests that situations 

where old oceanic crust is being subducted in a long standing subduction zone 

without induced convection in the mantle wedge may be more likely to produce the 

pressure-temperature conditions required. However, the bulk composition of the 

rocks may restrict the occurrence of "sanidine hydrate". The most probable bulk 

composition which would be likely to form "sanidine hydrate" at these pressures and 

temperatures would be that of a granite. The occurrence of granitic rocks in this type 

of environment may also be rather rare. The stability of "sanidine hydrate" would 

also be reduced if the water content were too high as it may then dissolve. If there 

were melt present most of the water would be taken up by in the melt and sanidine 
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might crystallise in its place and thus the stability of "sanidine hydrate" would be 

further reduced. 

Evidence for the water solubility of potassium feldspar was not obtainable either 

from synthetic sanidines or from natural perthites from Klokken. Hence the capacity 

for potassium feldspar to act as a reservoir for water under different geological 

conditions was not determined. 

11.2 Possibilities for future work 

a) Experiments with natural sanidine as a starting material 

The problems encountered calculating the relative proportions of water in the 

synthetic sanidines may be a result of the method of calculation from diffuse 

reflectance infrared spectra that was used for the study. Normalising the infrared 

peak areas in the OH stretching region to those which should be caused by vibrations 

in part of the silicate framework structure may not be successful when the reference 

peak is in part below 10 - 15 % transmittance. Previous work has calculated the 

quantity of water in natural feldspars by normalising the peak area to the thickness of 

the sample and then comparing the area with that of a feldspar or a silicate with a 

known water content measured by hydrogen manometry. These measurements, 

however, can only be obtained with the use of an infrared microscope. Synthetic 

feldspars have a grain size which is too small to use a microscopic method because of 

difficulties, in the preparation and mounting of the samples. An epoxy resin mount 

could not be used as it would produce peaks that caused interference in the OH 

stretching region and the thickness of the sample would then not be known. 

These problems may be surmountable by using thin slabs of natural sanidine as a 

starting material in the high pressure runs. This technique would make the sample 

thickness measurable but would introduce other difficulties. For example the 

structural "water" in feldspars is usually held in some fixed orientation within the 

crystal structure and therefore, in order to fully quantify :he structural "water", 

several orientations through each crystal must be inspected at each of the 

experimental conditions. It would not be possible to fit a crystal of natural feldspar in 

a piston cylinder experiment that would be large enough to slice into many different 

orientations. Therefore several experiments would be required on slabs pre-cut into 

different orientations at each pressure and temperature of interest. 
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This work presumes that the water in feldspars would diffuse in and out of the 

structure at rates fast enough to reproduce in the laboratory. Kronenberg et al. 

suggested that this would not be a problem. However, experiments would need to be 

performed in order to check that the water content measured was in fact the 

equilibrium water content. 

The peaks would require to be identified properly with the aid of a liquid nitrogen 

cooled stage in order to determine whether any of the peaks in the OH stretching 

region were due to fluid inclusion water. In addition some experiments would need to 

be carried out on samples with a thickness of roughly 1 mm. Such thick crystals 

would produce more information from the near infrared region of the spectrum where 

combination modes can be seen which may help to distinguish between structural 

H20.and OH. 

For this work a large crystal of natural feldspar of pristine quality and free of fluid 

inclusions would need to be used. An obvious choice would be a sample of Eifel 

sanidine which is renowned for its perfection. However, Eifel sanidine may have an 

unusual infrared water signature in comparison to the synthetic sanidines investigated 

in this project and may thus not be representative. 

b) Formation offluid inclusions and deuteric alteration 

The behaviour of potassium feldspar at high partial pressures of water would be more 

complete if the formation of fluid filled micropores and deuteric alteration were 

better understood. These textures appear able to form in slowly cooled igneous rocks 

(e.g. the Klokken intrusion described in Chapter 10) at temperatures below 450°C as 

the surrounding feldspars seem to have fully ordered prior to this event. Since much 

of the upper crust is composed of feldspar (60%) these micropores could act as a 

large reservoir for fluids. In addition, if these textures are restricted to the lower 

pressure-temperature conditions, they may lead to profound differences in both the 

chemical and physical behaviour of rocks in the upper and lower crust. The 

formation of these microtextures during cooling is well understood but their stability 

during burial and metamorphism is not known. A series of experiments on feldspars 

with a variety of microtextures from well-understood geological environments 

formed under a range of conditions would help to establish the stability of these 

structures. In addition, the composition of the fluid may have a strong effect on the 

textures and a number of differing fluid compositions could be. investigated 
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APPENDIX A GELS 

Initially it was intended to synthesise the gel starting materials, for use in the 

pressure, temperature experiments described in Chapter 4. However many problems 
were encountered and after five attempts the starting material finally used for the 

majority of the experiments was one provided by D.L. Hamilton of Manchester 
University. Some of the early experiments with the gels synthesised here (e.g. 

P3KI00) were used for analysis by infrared spectroscopy and thermogravimetric 

analysis and showed identical behaviour to the ones which used D.L. Hamilton's gel. 

The methods used and the problems encountered during gel making are outlined 
below. 

Methods of gel making 

The method used for making gels should produce a very fine, homogeneous mixture 
of oxides in the correct proportions to give the required mineral composition of 
KAISi308, to an accuracy which, in theory, should be better than it is possible to 
analyse. The first two batches were made using the "Edinburgh" method which was 

similar to that described by Biggar and O'Hara (1969) apart from the initial phase of 
the dehydration stage. The third, fourth and fifth batches used a simpler method, 

called here the "Manchester" method, described by Hamilton and Henderson (1968), 
which avoids the more complex titration stages of the "Edinburgh" method 

The "Edinburgh" method 

The general procedure for making these gels was to dissolve K2CO3  and Al metal 
powder separately in nitric acid and then to make up the solutions in a volumetric 

flask to known concentrations. The solutions were titrated together into a PTFE 
beaker, in the correct proportions, to give lOg of gel. The solution was then 

dehydrated down and diluted again with water a further two times, to reduce the 

excess of nitric acid and hence the quantity of ammonium nitrate needed to be 

removed later on in the process. This dilution also thickened the gel. Ethanol was 

added to allow the next additive, tetraethylorthosilicate (TEOS, Si(0C2H5)4  98%), to 
mix properly. Then the correct weight of TEOS was added and thoroughly mixed. An 
excess of NH3  solution was quickly added to give, in theory, a thick gel of Al(OH)3  
which should trap all of the other elements in an even distribution. The gel was then 

left covered overnight, to enable comp1ete hydrolysis of the TEOS. The gels were 
dried in the oven for up to four days at about 70°C, that is below the ignition point of 
ethanol, and then transferred to a 250 cm3  glass beaker. This was slowly heated up in 
an isomantle and later an oven, to a temperature of 150°C, until all of the ammonium 
nitrate had been expelled. This could take several days, but once complete the residue 
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was transferred to a PalAu basin and fired in the furnace from 200°C up to 900°C 
gradually over a period of five or six days. In theory the weight of the yield after this 

procedure should be about 10 ± 0.03 g 

The "Manchester" method 

To check that errors were not appearing in the complicated titration process of the 

"Edinburgh" method a simpler method was adopted which avoided this for the 
batches three, four and five. This method involved accurate weighing of the required 

amounts of the starting materials straight into a PTFE beaker and then dissolving the 
K and Al altogether in nitric acid on a water bath, after which the TEOS was added in 

the same way as previously, and the method continued as described above. 

Results and problems of gel making 

The problems with the making of gels were never fully understood. Apart from the 
initial batch all the four subsequent batches produced remarkably consistent results 
with good yields indicating that there were no faults associated with their 

manufacture. The yield is the best indication that the composition is correct as all of 

the analysis methods which can be used to test the composition have large errors and 
the composition needs to be known more accurately than this. 

When the gels were analysed using X-ray fluorescence they appeared to have the 

correct composition within the margins of error. It was not possible to get useful 

results by attempting to glass the gel on a melting stage microscope in order to obtain 
its composition from the electron probe. The melt produced was too viscous and 

inhomogeneous and produced streaky glasses whose compositions varied by up to 
10% in each element within an individual bead. The melt produced at even higher 

temperatures using an iridium strip heater was prone to volatile loss of potassium and 

remained inhomogeneous. High pressure experiments, at 0.5 GPa in the gas bombs 
and 30 GPa in the solid media apparatus that used these gels, produced the same 
results as other gels, for example that made by D.L. Hamilton. However, at low 

pressures of 0.1 GPa in the cold seal apparatus, the gels produced mostly sanidine 
which was to be expected but also there were a few extra small peaks in the powder 

X-ray diffraction trace. These peaks were difficult to identify but they could have 

been traces of leucite and kalsilite. Why they occurred in these gels and not in the gel 

made by D.L. Hamilton is not clear, though the mere presence of these further peaks 
precluded the use of these gels in the reversal experiments on the reaction between 

sanidine and water to form "sanidine hydrate". The successful synthesis of sanidine 

using these gels in the gas bombs had not been attempted prior to the reversal 
experiments 

201 



APPENDIX B 

Diagramatic summary of thesis 
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