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ABSTRACT 

The dehydration kinetics of the reaction Talc = 3Enstatite + Si02 + H20 have 

been experimentally determined as a function of grain size using synthetic and natural 

talc at 1 bar, 775 - 977°C. The experimental data on the 10-15 pm grain size can be 

described by a second order rate expression, with rate constant k = 1.98 (J(f )exp( -

EjRTJ min-I, where the activation energy Ea = 372 ± 7 kJ/mol. The 1-2 pm and < 

O.lpm grain sizes of natural talc also follow the second-order rate law with faster 

dehydration rates but there is no significant difference in rates between the 1-2 pm and 

< 0.1 pm size fractions. Transmission electron microscopic studies indicate a topotactic 

relation between talc and product enstatite suggesting an inhomogeneous dehydration 

mechanism. From available reaction kinetic data and analysis of their crystal structural 

properties, the time scale of formation of hydrous phyllosilicates in the solar nebula 

has been evaluated. The results indicate that contrary to the currently held notion, there 

is no kinetic barrier to the formation of hydrous phyllosilicates within the lifetime of 

the primitive solar nebula (- 1 Ma). 

The polymorphic transformation a-quartz "P coesite and the equilibrium Talc 

= 3Enstatite + Quartz/Coesite + H20 have been experimentally investigated up to 40 

kbar in the piston cylinder apparatus. The latter has been calibrated by studying the 

variation of nominal pressure versus piston intrusion as a function of time and by in

situ melting point determination of Liel as a function of pressure. The experimentally 
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determined dehydration equilibrium of talc is around 150°C higher than that predicted 

from existing thermodynamic data bases. A set of mutually compatible thermodynamic 

properties of talc, quartz, coesite and enstatite have been derived from the experimental 

data and used to calculate the equilibrium Talc + Kyanite = Pyrope + Coesite + Vapor. 

The calculated boundary agrees very well with that determined experimentally. 

Thermal modelling of a subducting oceanic plate and the newly determined 

phase equilibria relations indicate that talc is stable to depths of 220-250 kIn in 

subduction regimes. The H20 release accompanying talc dehydration at upper mantle 

conditions may have significant impact on our understanding of the petrological and 

geophysical processes in the upper mantle. 
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CHAPTER - I 

INTRODUCTION 

The system MgO-Si02-H20 (MSH) has received considerable attention from 

petrologists and mineralogists since it was first studied by Bowen and Tuttle in 1949. 

In spite of the progress over the past forty years in our understanding of the phase 

equilibria and to some extent, the kinetics of reactions in this system, uncertainty 

remains particularly in regard to the behavior of phyllosilicate phases. Difficulties exist 

in reconciling the available thermodynamic databases with some of the experimental 

data especially at pressures higher than 15 kbar. 

Among the phyllosilicates whose dominant end-member compositions belong 

to the MSH system, talc is a phase of major geological, planetary and industrial 

importance. It occurs as a significant phase in the eclogite facies metamorphic rocks, 

high-grade pelitic blueschists (Abraham and Schreyer, 1976), whiteschists (Schreyer, 

1977, 1985) and in high-pressure crystalline basement and ophiolitic cover rocks (e.g. 

the Dora Maira Massif of the Western Alps, Chopin, 1981; Chopin and Monie, 1984, 

Goffe and Chopin, 1986). It is Ubiquitous in metamorphosed ultramafic rocks (both 

low- and high- pressure, regional as well as contact metamorphic terrains), subduction 

environments zone (Schreyer, 1988; Chopin, 1984; Delaney and Helgeson, 1978), 
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submarine hydrothennal systems and surface environments (c.f. Evans and 

Guggenheim, 1988). The widespread occurrence of talc, over a variety of pressure -

temperature regimes, has led metamorphic petrologists and geochemists to use the 

phase equilibria relations of talc, either experimentally detennined or calculated from 

the available thennochemical data, to constrain the condition of fonnation of a variety 

of rock types (e.g. Chopin, 1987). However, these proposed P-Tconstraints are in need 

of revision because of the discrepancies that exist in the thennochemical and 

thennophysical properties of some of the hydrous phyllosilicates. 

The state conditions at which dehydration reactions occur in subducting oceanic 

crust are central to the modelling and understanding of petrologic, tectonic and seismic 

processes in the mantle. Models proposed to explain the observed volcanic activity 

(island-arc) require the presence of water (volatile fluxing) regardless of whether the 

source region of subduction volcanics is eclogitic/basaltic subducting slab or the 

peridotitic mantle wedge. Since the major source of water in these environments is 

through dehydration reactions, it is crucial to know the pressure and temperature 

conditions under which dehydration reactions occur. Moreover, recent experimental 

studies of hydrous magnesium silicates have demonstrated the existence of a number 

of hydrous phases with stabilities corresponding to depths greater than 200 km. If 

present in the mantle, the properties of these minerals would have a very significant 

impact on the understanding of mantle composition and mantle dynamics, as virtually 
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all mantle models assume that it is composed of anhydrous minerals such as olivine, 

spinel, garnet and silicate perovskite (prewitt and Finger, 1992). The petrological, 

geophysical and thermodynamic consequences of talc dehydration in the subduction 

environment and the possible effects of water liberated from dehydration of talc to 

upper mantle dynamics are discussed in the light of new experimental data on talc 

stability obtained in the present study. 

The near-earth Asteroids (NEA) are generally believed to be mostly made of 

carbonaceous chondrites (Lewis and Prinn, 1980). Analysis of reflectance spectra, high 

resolution transmission electron microscopic studies (Tomeoka and Buseck, 1982; 

McSween, 1979), as well as theoretical calculations (Lewis, 1972; Ganguly and 

Saxena, 1989), indicate that the carbonaceous chondrites and their asteroid parent 

bodies are rich in phyllosilicates, of which talc is most likely to be a major constituent 

(Ganguly and Saxena, 1989). Knowledge of the conditions and kinetics of formation 

of talc and its subsequent dehydration can, in principle, provide important constraints 

on the evolutionary history of the asteroid parent bodies (e.g. Fegley, 1988; Fegley and 

Prinn, 1988). The equilibrium condensation sequence (Lewis, 1972; Grossman, 1972) 

has provided a basis for understanding the radial compositional structure of the solar 

system and the subsequent evolution of planetary atmospheres. Two crucial events 

responsible for retention and incorporation of H20 into the planetary bodies were the 

formation of major H20-bearing phases such as talc and serpentine at < 400 K and the 
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condensation of water ice at < 200 K (Grimm and McSween, 1989). However, the 

basic validity of the assumption of equilibrium in the condensation sequence has been 

challenged (e.g. Prinn and Fegley, 1988) on the basis of kinetic arguments. In this 

study, the time-scale of hydrous phyllosilicate formation in the solar nebula has been 

evaluated on the basis of experimental data on the hydration kinetics of serpentine 

(Wegner and Ernst, 1973) and by analogy of dehydration mechanism and crystal 

structure systematics between talc and serpentine. Further, recent developments of the 

ideas of long-range planetary missions envision extraction of volatiles from the 

minerals in near-earth asteroid bodies to provide fuel for propellants and life-support 

systems (Lewis and Lewis, 1987). However, in order to develop energy efficient 

engineering designs for the extraction of volatiles, it is necessary to have an 

understanding of the rates of dehydration of the phases involved as a function of 

temperature, grain size and synthetic vs. natural starting materials. 

Because of the extraordinary importance of the stability and kinetic properties 

of talc to a variety of geological, planetary and industrial questions, we have 

undertaken a comprehensive study of the equilibrium 

Talc = 3 Enstatite + Si02 + H20 (1) 

over an extended pressure range up to 40 kbar, and the kinetics of the dehydration of 

talc as a function of temperature and grain size at 1 bar. 
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Si02 undergoes a polymorphic transition from alpha-quartz to coesite within the 

pressure-temperature range investigated in this study. This transition has been 

calibrated independently by several workers (Bohlen and Boettcher 1982; Mirwald and 

Massonne, 1980 and references therein) with discrepant results. The work of Bohlen 

and Boettcher (1982) has been, however, generally accepted to be the valid calibration 

of this transition (e.g. Fei et aI., 1990; Berman, 1988). The importance of an accurate 

calibration of this transition lies not only in its effect on our understanding of the 

dehydration equilibrium of talc, but also in the fact that the retrieval of high pressure 

thermochemical data from phase equilibria data involving coesite depend critically on 

the P-T location of this transition, as discussed later. During our investigation of the 

dehydration of talc, we obtained results which could not be reconciled with existing 

calibrations. Because of the importance of this transition in the development of high 

pressure thermochemical data base, as indicated above, we have investigated this 

equilibrium in detail over the temperature range 500 - 1150 DC. 

Hydration-dehydration equilibria like (1) are characterized by small, positive 

dP/dt slopes at low pressure followed by a steep increase in slope at higher pressures. 

Since we are concerned with a pressure sensitive equilibrium, particularly at Plotal > 15 

kbar, accuracy in determination of the equilibrium in P-T space dictates the quality of 

the thermodynamic data retrieved. The majority of the moderate to high pressure 

experimental investigations reported here were carried out in the piston-cylinder 
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apparatus. The discrepancies among the different investigations are largely due to the 

uncertainties in pressure determinations in this apparatus. In combination with the re

investigation of the quartz-coesite transformation, we have therefore also carried out 

a detailed analysis of pressure calibration in the piston-cylinder apparatus. 
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CHAPTER - n 

KINETIC STUDIES 

Introduction 

The rate of a reaction may be expressed in terms of the concentration of a 

reactant as: 

rate = -dC/dt (D. I) 

where C is the concentration of reactant at time t. 

Most rate expressions are phenomenologically expressed as: 

rate = - dC/dt = kC n (D.2) 

where k is the rate constant and II is the order of the reaction. 

The above relations can be equivalently expressed in terms of any physically 

measurable property of the reactant that is proportional to its concentration (c.f. 

Margelison, 1969; Moore and Pearson, 1981). We define a parameter ex. as: 

(D.3) 

where WI is the weight of the sample at time I, and Wo and Woo are the sample weights 

at 1=0 and 1 = 00 respectively. The parameter ex. determines the extent of reaction: it 
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varies between 1 (at time t = 0, WI = Wo) i.e. no reaction and 0 (at time t = 00, WI = 

W 0.) i.e. when 100% reaction is completed. 

In terms of a, eqn. (II.2) reduces to: 

rate = -da/dt = Kan (11.4) 

Retrieval of Reaction Rate and Rate Constant from Experimental Data 

The analysis of kinetic data essentially involves determining to what degree the 

data agree (or deviate) from some explicit form of eqn. (IIA) (i.e. with specific value 

of II), and can be expressed in either a differential or integrated form. The latter is 

computationally easier to manipulate since in the differential form, slight perturbations 

in the raw data (sampling errors) can cause large changes in the derivative between 

adjacent points (sometimes even changing the sign of the slope and resulting in 

meaningless or poorly correlatable information). In addition to the empirical rate 

expression given above, there exists another class of rate "laws" which are mechanism 

or model based. They attempt to define and distinguish the particular mechanism 

controlling the reaction kinetics. Since these formulations are based on theory, they are 

inherently more appealing than purely empirical expressions and if successful, have the 

potential of extrapolation beyond the experimental range. However, simplifying 

assumptions (eg. perfectly spherical or tabular grain boundary, fixed grain size etc) 

built in to the construction of these formulations often restrict the applicability of these 
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expressions to experimental data. More importantly, as has been demonstrated for 

example by Beretka and Brown (1983), a particular set of experimental data can be fit 

to better than ,2 = 0.95 for 15 of the 17 different mechanism based rate "laws". 

Interpretation of rate data based on a particular reaction mechanism expression is 

unequivocal unless all the assumptions used to derive the expression are valid for the 

particular data set. Thus, for the dehydration kinetics of talc, as experimentally 

determined in the present work, we consider the integrated form of eqn. (IlA): 

" t 

-fd~ = K fdt 
"0 IX 0 

(11.5) 

and discuss the possible reaction mechanisms in conjunction with TEM analysis. 

Previous Work 

The 'thermal decomposition' of talc has received much attention from the 

ceramic industry. Most of these studies have concentrated on the structural changes 

associated with heating talc to high temperatures (Nakahira and Kato, 1964; Boskovic 

et al., 1968; Brett et al., 1970; Daw et al. ,1972 etc.). 

The dehydration kinetics of talc have been measured experimentally by 

Boskovic et al. (1966, cited in Ward, 1975) and Ward (1975). The study of Boskovic 

et al. (1966) is suspect since as Ward (1975) pointed out they "recorded only one or 
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two points for a given temperature" and "no attempt was made to distinguish the 

dehydration of (physically absorbed) water from the dehydroxylation". 

The study of Ward (1975) needs to be discussed, since, to our knowledge, this 

is the only available kinetic study of talc dehydration/dehydroxylation. Ward studied 

the kinetics of the dehydration of "Pure grade" talc (no analysis available) between 827 

and 887°C and postulated fIrst order reaction kinetics, assuming that talc breaks down 

to enstatite and quartz (+ vapor). He suggested that the dehydroxylation mechanism 

involved breaking of the Mg-OH bonds and subsequent migration of Mg. The 

experimental enthalpy of activation of 422 (± 16.7) kJ/mol compared favorably with 

the calculated enthalpy from heat of reaction for Mg(OH)(g) = Mg(g) + OH(g) of 406 

kJ/mol required to break Mg-OH bonds. This is in contrast to the diffusion controlled 

mechanism proposed by Boskovic et al. (1966). However, if the logarithms of rate 

constants of Ward are plotted versus inverse temperature (Fig. 11.1), it is apparent that 

the sudden break in slope (oc activation energy) at around 875°C indicates that there 

is either a change in dehydration mechanism above 875 °C or the first order rate law 

is invalid over the narrow temperature range of study. In the absence of the raw 

experimental data, it was not possible to resolve the problem. This indicated that re

investigation of the kinetics of talc dehydration was necessary. 
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Fig. II.I: Arrhenius plot of K of natural talc as detennined by Ward (1975). The 
experimental activation energy (excluding the 1155-1159 K data points) was 
detennined to be 422 (± 16.7) kJ/mo!. The abrupt change in slope between 1155 and 
1146 K was interpreted by Ward to represent a change in the dehydration mechanism 
at 1148 K (875 QC). 



0 

-1 ~6 

-2 

-3 ,..--.,. 
.:::f. 
'--/ 

c -4 

-5 

-6 

-7~~~~~~~~~~~~ 

0.85 0.86 0.87 0.88 0.89 0.90 0.91 
1000/T (K) 

24 



25 

Experimental Methods 

The dehydration kinetics of talc has been detennined by monitoring the in situ 

weight change of talc (natural and synthetic) as a function of temperature (T) and time 

(t), of 3 grain size fractions at 1 bar pressure. The majority of the experiments were 

carried out in a thermogravimetric apparatus built at the Experimental Petrology 

Laboratory at the University of Arizona as part of this dissertation project (Fig. II.2). 

Some determinations, particularly the synthetic talc and the fine grain size separates 

of the natural talc were conducted at the laboratory of Professor A. Navrotsky, 

Princeton University, using a modified SETARAM DSC-1l1 TG apparatus. 

Starting Materials: 

Natural Talc 

The starting material was comprised of 10-15, 1-2 and < 1 pm grain size 

separates of natural talc from Gouverneur, New York. Powders of natural talc were 

obtained by a diamond coring tool. Coring by the diamond tool bit was preferred over 

more conventional crushing and grinding since it minimized the straining of the sample 

that could affect the dehydration kinetics. The 10-15 pm grain size separates were 

obtained by the procedure described below. It was, however, necessary to grind the 

powder in order to obtain the smaller grain sizes. A part of the cored powder was 

ground for approximately 30-45 minutes in a distilled water slurry in an automated 
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Fig. 11.2: Thermogravimetric Apparatus (TGA) built at the Experimental Petrology 
Laboratory, University of Arizona for ill-situ study of de-volatilization reaction kinetics 
at 1 bar (see text). 
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agate grinder and the desired grain sizes were separated by the procedure described 

below. 

The 3 grain size fractions were separated following the procedure of Starkey 

et al. (1984). It involved sonifying the powder in distilled water, spinning the 

suspension in an Ultra-Centrifuge (IEC B-22M Programmable Centrifuge) at RPMs 

and time specified by Stokes' Law settling velocity calculations, decanting the 

supernatant and repeating the procedure till the desired size fractions were obtained. 

That the desired range of grain sizes were indeed obtained by this procedure was 

verified by optical microscope for the larger fractions, while the <1 micron size was 

verified by TEM. 

Powder X-ray diffractograms of the material did not show any peaks other than 

those for talc. There was however significant peak broadening with decreasing grain 

size (Fig. 11.3). The average of several spot analyses in the EMP yielded the 

composition of the talc used in this study to be: (Mg,99Fe,ol)3Si401O(OH)2' 

SYllthetic Talc was hydrothermally prepared from a stoichiometric mixture of 

MgO (99.99%, Johnson Matthey, 'Puratronic' Grade), cristobalite and excess distilled 

water. Cristobalite was prepared by firing Si02 (99.99%, Johnson Matthey) at 1650 °C 

for 4 hours, crushed and recycled twice till XRD and optical analysis showed the 

product to be pure cristobalite. The reason for using cristobalite instead of amorphous 

Si02 was that it was found that run durations for talc synthesis could be drastically 
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Fig. 11.3: X-ray diffractogram of natural talc showing effect of grinding on peak
broadening. 
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reduced if metastable cristobalite was used. The product also showed better peak 

resolution in x-ray analysis compared to those in which only amorphous oxide 

mixtures were used. The charge (typically 150 to 200 mg) was sealed by carbon arc 

in 0.5 - 0.6" diameter Au capsules and placed in Inconel 718 'rod bomb' pressure 

vessels. The rod bombs were placed horizontally in nichrome-wound mullite tube 

furnaces, with the samples at the geometric center of the 2" long hot-spot of the 

furnace. Furnace temperature was controlled (and monitored) by a computer controlled 

micro-processor. Sample temperature was measured with a sheathed chromel alumel 

thermocouple placed adjacent to the capsule within the rod bomb and pressure was 

monitored with a factory calibrated ASTRA™ gauge. Run conditions ranged from 2-4 

days at 2 kbar, 640°C. No phases other than talc were detected by XRD or optically. 

XRD peaks did show slight broadening, compared to the coarse grained natural talc. 

Grain sizes of the synthetic talc were uniformly distributed between 1 and 2 microns. 

To measure dehydration rates, approximately Ig. of natural talc powder (largest 

dimension 10-15 microns) was placed in an alumina crucible suspended by a platinum 

wire from the base of a digital Sauter analytical balance (Fig. 11.2). The crucible 

assembly was enclosed by a quartz glass tube with a Pt/PtlO%RhlO thermocouple 

immediately adjacent to, but not touching the crucible. In order to ensure that the talc 

sample was free of any hygroscopic moisture, a small auxiliary furnace at 130°C was 

introduced around the quartz tube, and the weight loss of the sample was monitored 
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overnight till there was no further weight loss, indicating that the sample was free of 

hygroscopic moisture. The primary furnace was preheated to the desired temperature 

of the experiment, the auxiliary furnace quickly removed, and the primary furnace 

raised around the glass tube such that the crucible was at the center of the 1.5" long 

hot spot of the furnace. It took about 2-3 minutes for the sample to come to thermal 

equilibrium after which the fluctuation in sample temperature was less than 1 °e. 

During an experiment, the suspension of the sample inside the furnace was supported 

by a needle passing through a small loop in the platinum wire connected to the sample 

crucible, and resting on the top of the glass tube. The sample weight was determined 

at desired time intervals by connecting the platinum wire to an extension SUppOlt 

connected to the pan of the analytical balance through the bottom end. The connection 

between the analytical balance and the loop in the platinum wire was made by a rigid 

S shaped hook of controlled length and the supporting needle was removed so that the 

position of the sample inside the furnace was not disturbed. The output from the 

weight transducer of the balance was fed directly through an analog to digital converter 

to a personal computer, which in addition to monitoring the weight change, also 

recorded the thermocouple e.m.f. output and time. 

Initially, the sample was suspended directly from the analytical balance so that 

the weight change could be continuously monitored. However, this method had to be 

abandoned owing to the creep of the weight transducer, usually in experiments of 
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greater than 45 minutes duration. The creep effect was discovered by monitoring the 

weight of a 'dummy' weight (whose mass matched that of the sample plus crucible 

assembly) placed directly on the pan of the balance in the usual manner, as a function 

of time, and ensuring there was no disturbance through air circulation, ground 

vibrations etc. The creep effect is illustrated in Fig. IIA by comparing the weight 

monitored continuously as a function of time with that determined by the method 

described above at essentially the same temperature. 

Thermal currents rising from inside the hot furnace caused another perturbation 

(Fig. II.5a) to the determination of the weight change of the sample suspended inside 

the furnace. Fig. II.5a shows the fluctuations of the weight of the crucible measured 

as a function of a time. The fluctuations were usually in the range of ± 0.0005 g. In 

this example, the creep effect was fortuitously quite small. Fig. II.5b shows how the 

measured weight of the 'dummy' sample oscillated as the furnace was cycled through 

repeated heating and cooling sequences. This effect of thermal perturbation was almost 

completely eliminated by putting a baffle at the bottom of the balance (with a small 

aperture to allow free passage of the platinum suspending wire) and a small fan 

directed to the top part of the glass tube. Fig. II.5c shows the effect of these 

modifications. In this case, the weight of the 'dummy' sample was monitored at 1 

minute interval using the baffle/fan combination. The initial induction period was about 

3 minutes after which the system achieved a stable state with intermittent fluctuations 



34 

Fig. 11.4: Comparison of weight change of talc monitored continuously (through a data 
interface linking the output from the weight transducer to a computer) with that 
determined after calibrating the balance at discrete time intervals. a is the weight 
fraction of talc remaining as defined by eqn. (II.3). 
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Fig. 11.5: Effect of thelmal current on the measurement of the weight of a sample 
crucible suspended inside a furnace. No baffle was used at the base of the balance. (a). 
Fluctuations in the measured weight of the crucible held at constant temperature of 790 
°C inside the furnace. (b) Change in the measured weight of the crucible as the furnace 
temperature was raised and lowered, as shown in the figure. 

Fig. n.Se: The effect of introducing a baffle at the base of the balance (Fig. 11.2) on 
the measurement of the weight of a sample crucible. 
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of ± 0.0001 g, which is an intrinsic characteristic of the transducer. This coincided 

with the time-interval required for the sample to reach the desired isothermal run 

temperature, and this induction time was subtracted from the total run duration (see 

section on Experimental Results). Before each weighing during an experiment, the 

balance was calibrated using a computer controlled internal calibration and was 

additionally cross-checked by weighing a certified weight on the pan of the balance. 

Because the maximum possible weight change (due to complete dehydration) was 

about 4.75% of the initial sample weight, and there was about ±D.OOOI g. statistical 

fluctuation of the weight recorded by the balance, it was necessary to use a sufficiently 

large amount of sample so that the statistical fluctuations were small compared to the 

recorded weight changes. Typically about a gram of sample was used in each 

experiment. These special attentions to ill situ, high temperature weight determinations 

ensured that the thermogravimetric data obtained at our laboratory are reliable and 

reproducible to a high degree of precision. This is borne out by the excellent 

agreement (Fig. 11.6) between the data obtained at our laboratory for Experiment 

#73EE900, and that obtained by the state-of-the-art microanalytical thermogravimetric 

(SETARAM DSC 111 TO) apparatus at Princeton described below. 

As mentioned before, the resolution characteristics of the weight transducer 

required that approximately a gram of sample be used for each of the de-hydration 

kinetics experiments performed in our thermogravimetry apparatus. Amounts in excess 
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Fig. II.6: Plot of ex. vs. time for 10-15 11m size fraction of natural talc at 1 bar, 
showing the excellent reproducibility of experimental data obtained on 2 different TOA 
apparatus. Triangles represent the data obtained from the SET ARAM DSC 111 TO 
micro-analytical TGA (at Princeton) while the squares represent that obtained from the 
TOA apparatus at the University of Arizona (Fig. 11.2) 
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of a gram were difficult to synthesize and also the yield of the 1-2pm and <lpm grain 

size separates was typically <100 mg. We therefore used the SET ARAM DSC 111 TO 

microanalytical thermogravimetric apparatus at Princeton University for the de

hydration kinetics experiments on the synthetic talc and the 1-2pm and <lpm size 

separates of the natural talc. 

The SET ARAM BIll thermogravimetric apparatus has an extremely precise 

and accurate weight transducer capable of detecting weight changes of the order of le-

6 gms. Therefore, less than 1 mg quantity of sample could be used to detect the weight 

changes of the synthetic talc and the 1-2pm and <1pm sizes of natural talc. However, 

the two major disadvantages of this apparatus were: 

1. The furnace could not be pre-heated to the desired run temperature: the 

sample was initially pre-dried at 150°C and the furnace was ramped up to the desired 

run temperature. The time taken to reach the desired run temperature was therefore 

much longer and a longer time-weight segment had to be subtracted from the total run 

duration. 

2. The outputs from the weight transducer as well as that from the 

thermocouple were fed into a strip chart recorder. The absence of any digital recording 

device meant that one had to manually read off the weight loss and time data from the 

strip chart recorder, thereby introducing some random error. 
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In order to improve the resolution of the recorder data, the chart recorder was 

run at a (comparatively) fast scan rate resulting in hard copy outputs over 20 feet long 

in overnight experiments. These were then read off in 3' long sections in a 4' X 6' 

digitizing tablet interfaced to the V AX-8600 computer, using a software ("DIGITZ", 

developed by Steve Sorenson at the University of Arizona) that enabled the writing of 

the data in a digitized form to a disk. Each scan was digitized at least 10 times to 

reduce the error introduced by the manual tracing of the digitizing stylus ("mouse") 

over the chart recorder trace. 

The resulting data set from each experiment was then smoothed by applying 

a polynomial fitting routine (SPSS); the polynomial fits were graphically inspected to 

ensure against ill- or over-fitting of the experimental data. Fig. 11.7 illustrates a typical 

'raw' data set (squares) and the resulting polynomial smoothing function (solid line) 

used in subsequent kinetic analysis. 
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Fig. 11.7: 'Raw' data (squares) as obtained after digitizing the chart-recorder trace of 
a TGA experiment from the SETARAM DSC 111 TO apparatus and the polynomial 
smoothing function (solid line) used in subsequent kinetic analysis. 
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Experimental Results 

The weight change of talc as a function of time was measured at 775, 825,876, 

900, 925, 950 and 977°C for the natural talc sample of 1O-15pm grain sizes; at 850 

and 900 °C for the synthetic talc and 1-2 pm, < 0.1 pm natural talc separates. Selected 

experimental data are illustrated in Fig. II.8. W~, the weight of the sample after 

complete dehydration was calculated from the stoichiometry of talc to be 4.75% of Wj' 

W~ was also checked experimentally by making a very long run at 985°C, which is 

shown in Fig. II.9. The weight after 48 hours is within 1.2% of the theoretical weight 

after complete dehydration. Thus, the theoretical value of W~ was accepted in 

calculating a from eqn. (3). In each experiment, Wo was taken to be the measured 

weight of the sample after it was introduced into the hot spot of the furnace, allowing 

about 3 minutes time for the stabilization of the system. This induction time was 

subtracted from the total duration of the experiment. 
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Fig. II.8: Selected examples of the weight change of 10-15 pm grain size natural talc 
as function of time, as measured at discrete time intervals. 
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Fig. 11.9: A long duration run (49 hrs) at 985°C to detennine the weight loss after 
complete dehydration (i.e. W J of the 1-2 pm natural talc. The weight of talc 
remaining at the end of the experiment is only 1.2% less than the theoretical limit, 
calculated from the chemical formula. 
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Over the temperature range of 775-977 °C, the data on the dehydration kinetics 

of natural talc (both the 10-15 pm and the 1.0 pm grain size fractions) could be 

adequately described (1'2 = 0.98-0.99) by the integrated rate expression (eqn. 11.5) with 

n=2, (i.e. second-order rate expression): 

1/« = 1/«0 + kt (11.6) 

The smoothed data were analyzed in terms of l/a versus time by constrained 

linear regression (SPSS) with the constraint a = 1 at t = 0, consistent with the 

definition of a as in (3). Figs. 1.1Oa-c show the linear dependence of l/a versus time 

for experiments at 950, 925 and 850°C. 
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Fig. 11.10: Plots of isothermal dehydration data in terms of l/a vs. t. The linear 
relationship indicates that the dehydration is controlled by a second order rate 
expression. 
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The retrieved rate constant k, for the largest grain sizes followed an Arrhenian 

temperature dependence (Fig. n.ll) over the entire experimental temperature range. 

Least square regression of the data (for the 10-15 pm size fraction) yielded: 

(11.7) 

where the activation energy Eo = 372 ±7 kllmol, the error representing 10' uncertainty. 

The dehydration rates for the smaller grain sizes were found to be faster than 

the coarser fractions (Fig. 11.12). The dehydration kinetics of the smaller grains sizes 

could be modelled by the same second order rate expression as for the larger grain 

sizes with higher k values, as is to be expected for faster rates. Fig. II.13 shows the 

second-order behavior of the 1-2 pm grain size fraction of natural taIc. The activation 

energy was not evaluated from these rate constants since experiments were performed 

at only two temperatures (900 and 950°C) for the smaller grain sizes; however the 

data are suggestive of a higher pre-exponential term associated with the faster 

dehydration kinetics. There was no significant difference in rates between the 1-2 pm 

and the < 1 pm size fractions of natural taIc. This could be the result of clustering of 

the small grains due to high electrostatic surface charging. It is also possible that the 

difference between the dehydration rates of talc for the above size fractions was too 

small to be detectable. In contrast Gregg and Razouk (1949) found a rate maximum 

around 150-180 pm size fraction in the dehydration kinetics of brucite as function of 

grain size. 
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Fig. 11.11: Arrhenian relation of dehydration rate constant between 775 and 985°C at 
1 bar for the 10-15 pm grain sizes of natural talc. 
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Fig. 11.12: Comparison of dehydration rates as a function of grain size of natural talc. 

Fig. 11.13: Plot of 1/0. vs. time for the 1-2 J.lm grain size of natural talc, illustrating the 
same second-order rate behavior of the smaller and larger grain sizes. 
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Fig. I1.14 shows the difference in dehydration rates between the 1-2 pm natural 

and synthetic talc of the same size, indicating a difference in their energetic properties. 

This was also reflected in the phase equilibrium studies on the dehydration of talc, 

which showed the natural talc to have a slightly higher field of stability than the 

synthetic talc. The energetic difference is most probably due to a higher defect density 

of the synthetic talc (see section on Phase Equilibrium Studies). X-ray powder 

diffraction studies of the products of dehydration kinetic experiments did not show any 

X-ray reflection of the products of dehydration, which is likely to be the result of the 

extremely fine grain sizes of the solid product phases. However in-order to formulate 

the kinetic rate law and mechanism, it is essential to know the products of a reaction. 

Accordingly, Transmission Electron Microscopy (TEM) and Selected Area Electron 

Diffraction (SAD) studies were performed to characterize the product and understand 

the reaction mechanism. 
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Fig. 11.14: Illustrating the difference in dehydration rates between the 1-2 ).1m natural 
and synthetic talc of the same size. 
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Transmission Electron Microscopy and Reaction Mechanism 

TEM analysis l was carried out in a Hitachi H-8100 transmission electron 

microscope with an accelerating voltage of 200 kv. Specimens were agitated in 

ultrasonic bath and the suspension was mounted on perforated carbon thin film 

substrate in a copper grid. Magnification was from 20X to 120X. 

Electron diffraction patterns from monomineralic mounts of talc, enstatite, (l-

quartz, tridymite and orthorhombic enstatite were first indexed to serve as reference 

patterns for indexing the diffraction images of the run products of the talc dehydration 

experiments. Crystallites, appearing as striations in the Bright Field Image (BFI) of 

dehydrated talc (Fig. 1I.15a) were confirmed to be orthorhombic enstatite from 

indexing of the corresponding SAD (Fig. 1I.1Sb) with unit cell parameters: a= 18.22; 

b= 8.8; c= 5.18 A.. Identification of the silica polymorph in the dehydrated product was 

difficult due to the amorphous to poorly crystallized nature and because of its lower 

abundance compared to enstatite. However, tridymite was identified in some of the 

SAD patterns obtained from dehydration products of longer experimental duration. 

ITEM analyses were carried out by Dr. S. Semphin and H. Makihara, Department of Material Sciences, 
University of Arizona. 
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Fig. I1.15a: Bright field image (BF!) of dehydroxylated natural talc showing 
crystallites appearing as streaks parallel to the c-axis. 

Fig. II.15b: Selected area diffraction pattern (SADP) corresponding to Fig. II.15a. The 
indexed pattern confirms the crystallites to be orthorhombic enstatite. 
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Superposition of SAD patterns of unheated (Fig. 11.16) and dehydrated talc (Fig. 

II. 15b) results in a composite SAD pattern shown schematically in Fig. II.17, showing 

that the crystallographic axes of talc and enstatite are topotactically related according 

to : 

al•le (5.28 A ) II ceni5.17 A) 

blale (9.17 A) II beni8.8 A). 

These findings are consistent with the TEM observations of Santos and Yada 

(1988), and Bapst and Eberhart (1970) who in addition also noted the topotactic 

relation of the d(001)lalc II aensl. The electron diffraction (Weissenberg camera) studies 

of Nakahira and Kato (1964) arrived at the same conclusion. 

The observed topotactic relation between talc and product phase enstatite allow 

evaluation of the reaction mechanism involved in the dehydration of talc. Taylor 

(1962) distinguished "homogeneous" and "inhomogeneous" mechanisms involved in 

the dehydroxylationldehydration of layered hydrous silicates. In the "homogeneous" 

mechanism, loss of oxygens as water molecules is uniform from all unit cells of the 

crystal, whereas in the "inhomogeneous" mechanism there is no oxygen loss from 

those parts of the crystal undergoing topotactic transformation. The "inhomogeneous" 

(also referred as heterogeneous nucleation and growth) mechanism involves a) cation 

migrations, b) formation and subsequent expUlsion of H20 molecules in a 'donor' 

region, and c) restructuring of the oxygen framework within the 'acceptor' region. 
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Fig. 11.16: Selected area diffraction (SAD) pattern of unheated talc. 

Fig. 11.17: Schematic illustration of superposition of SAD of unheated (Fig. 11.16) and 
dehydroxylated talc, (Fig.l1.15b) demonstrating the topotactic relation between talc and 
enstatite (see text) 
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The dehydration of talc to enstatite can be expressed in terms of unit cell 

composition as follows: 

Talc: (4 formula units/unit cell) 12Mg, 16Si, 480, 8H 

Enstatite:(16 formula units/unit cell) 12Mg, 16Si, 480, 4Mg 

The unit cells of both talc and enstatite contain 48 0 2- ions; therefore no net 

transfer of oxygen is involved in the formation of one unit cell of enstatite from one 

unit cell of talc, satisfying the basic requirement of the inhomogeneous mechanism 

proposed by Taylor (1962). The corresponding cationic interchange can be represented 

by loss of 8H+ ions (in the acceptor region) which is compensated by the gain of 4Mg2+ 

ions to form enstatite. The Mg2+ migrate to the acceptor region in which the oxygen 

framework is maintained virtually intact. Simultaneously, water is lost from the donor 

region which becomes silica-rich. Given sufficient time, the amorphous silica 

crystallizes to form tridymite. 

The topotactic relations summarized above, the presence of amorphous silica, 

and the second-order rate behavior therefore strongly favor the dehydration mechanism 

to be an inhomogeneous type, involving dehydroxylation of the layer structure of talc 

and immediate recrystallization to the chain structure of enstatite. It appears that the 

dehydration mechanism of hydrous phyllosilicates as a class, follow this same 

inhomogeneous dehydroxylation or heterogeneous nucleation and growth mechanism: 

ego serpentine (Taylor, 1963; Wegner & Ernst, 1983), muscovite (Nicol, 1964), 
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pyrophyllite (Brindley, 1975), kaolinite (Brett et aI., 1970) etc. with a narrow 

activation energy range of 325-400 kllmol. 

Applications 

As mentioned in the introduction, recent developments in ideas for long-range 

planetary missions envision extraction of volatiles from minerals in near-earth asteroid 

bodies to provide fuel for propellants and life-supporting systems (Lewis and Lewis, 

1987). The most important resource for any manned venture is water, both for use as 

liquid water and as a source of oxygen. Water is also a source of hydrogen, one of the 

most efficient fuels known. The kinetic data presented above will be invaluable in the 

design and construction of cost-effective and energy-efficient water extraction plants 

from talc. 

A fundamental debate in the modelling of solar system chemistry is whether 

reaction rates were fast enough to produce the phases arising from an equilibrium 

condensation sequence. In particular, the incorporation of chemically reactive volatiles 

into planet forming material was dictated by the extent to which the hydration of 

reactive silicates (in addition to sulfurization and oxidation of Fe-alloy grains, 

enclathration of C- and N- bearing gases into water ice etc) could proceed over the 

lifetime of the solar nebula (Fegley and Prinn, 1988; Engel et al., 1990 etc). The 

knowledge of chemical interaction (thermodynamically permissible reactions and the 
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kinetics of such reactions) between gases and grains in the solar nebula is central to 

the understanding of the volatile inventories of planets, their atmospheres and other 

bodies in the solar system. Our data on the dehydration kinetics of talc cannot be 

directly applied to addressing these problems. However, available experimental data 

on dehydration and hydration kinetics of the related phyllosilicate serpentine, allow, 

by analogy through crystal structure systematics and reaction mechanism, evaluation 

of the time scale of formation of hydrous phyllosilicates in the solar nebula. 

In a series of recent papers, Fegley and Prinn (Fegley and Prinn, 1988; Fegley, 

1988; Prinn and Fegley, 1987; 1989 etc.) have calculated, using a Simple Collision 

Theory (SCT) approach, the time scales of hydration of monomineralic silicate grains 

by interaction with vapor in the primitive solar nebula and giant planet subnebulae. 

They considered the following hydration reactions: 

4 Enstatite + 2 Vapor = Brncite + Talc (II.S) 
4 MgSi03 +2H20 = Mg(OH)2 + Mg3Si40lQ(OH)2 

and 

2Forsterite + 3 Vapor = Brncite + Serpentine (11.9) 
2Mg-fii04 + 3H20 = Mg(OH)2 + Mg3Si20S(OH)4' 
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The initial rate of reaction (Jw) of water vapor with silicate grains will depend 

on the rate of collision of H20 molecules with the grain surfaces. From collision 

theory, this rate is given by: 

(D.IO) 

where P w = P1I20, Mw = Molecular wt., L = Avogadro's number, Kb = Boltzmann 

Constant. 

The total number of collisions with all forsterite or enstatite grains in each cm3 

of solar nebula (per second) is : 

(D.ll) 

where A = total surface area of all monodispersed, uniformly distributed, spherical 

silicate grains of 0.1 Jim radius. If every collision led to hydration, then the collision 

time constant is: 

(D.12) 

where [H20] = molecular number density of water vapor. However, since only a small 

fraction of collisions possess the necessary activation energy Ea for chemical reaction, 

the number of 'effective' collisions are: 
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(Dol3) 

Thus the chemical time constant, (chem is: 

(llot4) 

U sing the experimentally determined activation energy for the vapor phase 

hydration of MgO to Mg(OH)2 which is Ea = 70 kllmol according to Layden and 

Brindley (1963), Fegley and Prinn (1988) calculated (chem (at P=le-5 bars, T=225 K) 

for the hydration of forsterite to be > 1017s from eqn. 11.14. This is 104 times longer 

than the lifetime of the solar nebula. Accordingly, the vapor phase hydration of 

monomineralic silicate grains in the solar nebula was not considered to be responsible 

for water retention by solid grains. 

The kinetics of hydration of forsterite to serpentine and brucite (eqn. 11.8) and 

the cognate dehydration reaction was experimentally studied by Wegner & Ernst 

(1983) between 1 and 3 kb. The experimentally determined activation energy for the 

hydration reaction was Ea (3 kbar) = 25 kJ/mol and Ea (1 kbar) = 30 kJ/mol.The 

activation volume (pressure derivative of activation energy) can be calculated to be 

i1v+ = -2.5 J/bar. If there is no change in hydration mechanism with pressure, the 

activation energy at the pressure of the solar nebula (10-5 bars) is given by: 

(DotS) 
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This yields the activation energy of forsterite hydration to serpentine and 

brucite (eqn. I1.8) to be Ea (10-5 bar) = 32.5 kJ/mol as compared to the value of 30 

kJ/mol at 1 kbar. 

The corresponding dehydration of serpentine and brucite to forsterite and vapor 

has an experimental activation energy Ea = 379 kJ/mol (Wegner and Ernst, 1973) very 

similar to Ea = 372 kJ/mole for the dehydration of talc determined in this study. The 

similarity in activation energies and the same heterogeneous nucleation and growth 

dehydration mechanism for both the talc and serpentine dehydration reactions indicate 

that the activation energy for the hydration of enstatite to talc should be close to that 

of the serpentine hydration reaction. Thus, using an hydration activation energy of 32.5 

kJ/mol, the estimated tcllem of vapor phase hydration of monomineralic forsterite or 

enstatite (reactions II.8 & II.9) is "" 108 seconds. Fig. II.18 illustrates the estimated 

time scale (tcllcnI ) of hydration of forsterite or enstatite as a function of the hydration 

activation energy, as calculated from equation n.14. It shows that there is 1/0 kinetic 

barrier to the formation of hydrous phyllosilicates even under the conditions of 

extremely low pressures and temperatures of the solar nebula, as long as the hydration 

activation energy Ea ::; 53 kJlmol; this is so much larger than the hydration activation 

enthalpy of forsterite and enstatite inferred above at the solar nebula conditions that 

we consider it extremely unlikely that there was any significant kinetic barrier in the 

formation of hydrous phyllosilicates within the solar nebular lifetime. 
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Fig. 11.18: Estimated time scale (tell.m ) of hydration of forsterite or enstatite as a 
function of the hydration activation energy, as calculated from Simple Collision Theory 
(SCT); (equation 11.14). 
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Implications for Nebular Condensation 

The equilibrium condensation sequence (Lewis, 1972; Grossman, 1972; Goettel 

and Barshay, 1978), which provides the basis for current understanding of radial 

compositional structure of the solar system, includes the formation of major H20-

bearing phases such as talc and serpentine at T < 400 K. Lewis' model indicates the 

formation of talc in the asteroid belt, and suggests that talc, together with other 

hydrated phyllosilicates, provided the original source of water in the region from Mars 

to Jupiter, including the asteroidal parent bodies of meteorites. 

Since the calculated tehem for vapor phase hydration of monomineralic silicates 

was estimated by Prinn and Fegley to be longer than the lifetime of the solar nebula, 

the validity of the key assumption of equilibrium in the primary condensation sequence 

has been challenged. According to these investigators, the hydrous minerals present in 

the planetary and asteroidal bodies are not primary, but instead represent subsequent 

aqueous alteration products of anhydrous grains. This has led to the consideration of 

large-scale, pervasive aqueous alteration scenarios in the parent bodies to account for 

the observed hydrous minerals (eg. Grimm and McSween, 1989; Zolensky and 

McSween, 1988; etc.) in carbonaceous chondrites. The calculations presented above 

indicate that although it is possible that hydrous minerals are aqueous alteration 

products, the basic assumption of equilibrium in the condensation sequence in as much 
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as the formation of hydrous silicates are concerned, has not been proven to be 

incorrect, and is indeed very likely to be correct. 
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CHAPTER - HI 

HIGH-PRESSURE EXPERIMENTAL STUDIES 

Experiments have been carried out in the present study to determine the 

dehydration equilibrium: 

Talc = 3 Enstatite + Si02 + H20 

from 15 to 40 kbar, 750°C to 850 °C and the polymorphic phase transition 

a-Quartz .. coesite 

from 27 to 32 kbar, 500°C to 1000 °C. 

The justification of studying the talc dehydration equilibrium and the quartz

coesite transition has been outlined in Chapter I and is elaborated in Chapters IV and 

V. In addition, in the course of synthesizing the phases necessary for studying the 

dehydration equilibrium of talc, it was found that the pressure needed to synthesize 

coesite from quartz was approximately 1-2 kbar higher than that reported by Bohlen 

and Boettcher (1982) for the polymorphic transition. Thus, I have undertaken a 

thorough study of the problem of pressure determination in the piston-cylinder 

apparatus and re-investigation of the quartz-coesite phase transformation. 
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Pressure Calibration in the Piston-Cylinder Apparatus 

In a piston-cylinder apparatus, the experimental charge is subjected to a 

pressure (referred here as "sample pressure") which may be greater-, equal to or less 

than the "nominal pressure", i.e. the pressure calculated by dividing the applied force 

by the cross-sectional area of the piston used to compress the pressure cell. The extent 

by which the sample pressure differs from the nominal pressure depends on a variety 

of factors that are collectively referred to as "friction". 

The factors affecting friction in a piston cylinder apparatus include: 

1. Mode of the piston movement: (a) "piston-in" or in-stroke/compression mode 

in which the piston is advanced to the final desired pressure after the desired 

temperature has been achieved or (b) "piston-out" or out-stroke/decompression mode 

in which the piston is decompressed from an initially higher pressure after achieving 

the desired temperature. The friction is ~ 0 (positive friction) for (a) and ~ 0 (negative 

friction) for (b). 

2. Nature of furnace assembly or "pressure cell". The extent of friction 

increases with the shear strength of the pressure transmitting medium. Currently, alkali 

halide "salt" cells are the preferred transmitting material, rather than higher shear 

strength materials such as talc, pyrophyllite, glass, or "alsimag" used in earlier studies. 

The outer diameters of the pressure cell, commonly 1", 3/4" or 1/2", are considered to 

affect the friction characteristics of the cell as well. 
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3. Temperature and duration of experiment. 

There are a number of methods to evaluate the friction of a particular furnace 

assembly. An indirect way is to monitor the displacement of piston versus nominal 

pressure with time in both piston-in and piston-out modes. This yields a hysteresis loop 

from which the difference between the nominal and true pressure at the temperature 

of the experiment can be estimated as a function of time. A more direct method 

involves the in-situ determination of a well-calibrated phase transition, especially the 

melting points of elements or compounds. This can be accomplished only if the 

melting curves have been independently determined in a frictionless environment such 

as in an internally heated gas apparatus. 

The following section discusses our investigation of the problem of pressure 

determination and calibration of pressure in the piston-cylinder apparatus. Using 1/2", 

and 3/4" diameter CsCI-NaCI salt cells, time-study of hysteresis analyses were 

performed to characterize friction decay with time. DT A experiments were carried out 

to determine the melting points of LiCI at pressure, as a function of time to furtller 

check the results derived from the hysteresis analyses. 

Experimental Method 

Experiments were conducted in an end-loaded piston cylinder apparatus with 

1/2" (1.27 mm) or 3/4" (1.90 mm) internal diameter WC (13% Co binder) cores and 
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6% Co binder pistons. The outer bushing of the pressure cell (Fig. 111.1) was fabricated 

by pressing CsCI of 99% purity. The sample container (for DTA studies) was 

machined from ultra-pure Fe metal which was placed on top of a NaCI cylinder. A thin 

film (0.01") of BN was used to electIically insulate the metal sample container from 

the graphite furnace. This also protected the base of the sample from the corrosive 

effects of the NaCI plug. No other hard parts were used between the sample and the 

bottom of the cell in order to ensure that friction and differential loading were 

minimized (Mirwald et al., 1975). To reduce temperature gradients in the cell, a 

graphite disk (0.025" thick) was used as a plug at the very bottom of the furnace. In 

the region above the sample container where stress distribution has no effect on the 

sample pressure, relatively harder materials (soft-fired pyrophyllite and BN) were used 

to maintain the mechanical integrity of the high-purity alumina tube enclosing the 

thermocouple wires under high pressures. The use of a BN disk above the sample 

container ensured early collapse of this material around the thermocouple ceramic 

during initial pressurization, preventing oxygen passage and thereby precluding 

embrittlement by oxidation and eventual failure of the W-Re thermocouple in high 

temperature experiments. Pt-lORh/Pt thermocouples were used for the LiCI melting 

(DTA) experiments, while W-3Re/W-25Re thermocouples were used for the phase 

equilibrium studies. The pressure cell was wrapped with 0.025 mm thick Pb foil and 

painted on the outside with hydrogen free MoS2 lubricant (MOL YKOTE™, Dow 
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Fig. 111.1: Schematic of CsCl-NaCl pressure cell used in the Piston Cylinder 
Apparatus. 
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Coming Ltd.) to reduce friction between the pressure cell and the carbide core. MoS2 

grease was also applied to the outer surface of the piston, to minimize friction between 

the carbide core and the piston. 

The cell was pressurized very slowly (0.05 kbar/minute) at room temperature, 

to approximately 10-20% lower than the desired run pressure and left overnight. This 

was done to ensure thorough compaction of the cell material and mechanical stability 

of the thermocouple so that it survived repeated cycles of heating and cooling along 

with pressurization and unloading of the cell during DT A experiments. 

Heating of the cell to desired run temperature caused the gauge pressure to 

increase (- 3 to 7%, depending on temperature) due to thermal expansion of the cell 

with concomitant extrusion of the piston. The piston displacement was monitored 

through a linear differential displacement transducer with a resolution of 0.00001 

inches. Pressure was monitored by a 16 inch diameter Heise™ gauge and an on-line 

digital pressure transducer. The Heise gauge was calibrated to NBS standards by D. 

H. Instruments Inc. immediately prior to the current set of experiments. The analog 

signals from the pressure transducer, displacement transducer and the thermocouple 

were monitored by a 22 bit AID converter (Analog Devices ADI170). The process 

setpoints (temperature, power) were set through 14 bit D/A converters (lntersil 

ICL7134). An IBM Personal Computer interfaced with the convertors for setting, 

monitoring and logging all parameters. The thermocouple signal was preamplified by 
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a 100X instrumentation amplifier (Linear Technologies LTC 1 100, maximum gain error 

0.02%) and the thermocouple cold-junction was corrected with a cold-junction 

correction integrated circuit (Linear Technologies LT1025, maximum error 0.5 0C). 

The emf of the thermocouple was also measured before the preamplifier and cold 

junction correction by a calibrated digital voltmeter with a resolution of 0.01 mv .. The 

entire electronic aspect of the apparatus was designed, fabricated and tested by David 

C. Steinke of the Geosciences Electronics Shop at the University of Arizona. 

After reaching 10-15 °C lower than the desired temperature, the cell was 

brought up to final pressure, with continuous monitoring of the piston intrusion. At the 

initial stages of pressurization, the gauge pressure would increase, but until the 

frictional resistance of the piston and the pressure cell against the core was overcome, 

there would be no intrusion of the piston. Therefore, since mere pumping does not 

necessarily imply that true piston-in mode had been achieved, it was critical to monitor 

the piston position status. Apart from the frictional resistance preventing movement of 

the piston, there was also competing effects due to thermal expansion of the cell and 

inward movement of the piston initiated by pumping. It was only when the piston has 

intruded beyond the point reached prior to heating of the cell that true piston-in mode 

could be said to have been achieved. This is illustrated in Fig. III.2 and discussed in 

the next section. 
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Fig. ID.2: Piston displacement vs. nominal pressure (hysteresis loop) of 1/2" CsCI
NaCI pressure cell used in the piston cylinder apparatus (see text). 
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Hysteresis Studies 

Since the shear strength of the salts decrease with increasing temperature, the 

extent of friction correction should change with temperature. We have conducted 

hysteresis studies at 500 and 800 °C to evaluate the extent of friction with time in our 

CsCI-NaCI salt cells. Both 1/2" and 3/4" diameter pressure cells were used to evaluate 

the dependence of friction on pressure cell diameters. 

Fig. III.2 shows the hysteresis loop of 1/2" CsCI-NaCl cell at 500 °C. After 

initial pressurization to 28.8 kbar and heating to 500 °C (point A, Fig. m.2) the pump 

was started to increase the pressure to 35.6 kbar (C). As mentioned in the preceding 

section, a pressure increase of around 3 kbar (A to B) is required before the piston 

starts intruding. The pump and the valve to the ram were turned off at 34.6 kbar (C). 

The piston continued to intrude with corresponding decrease in nominal pressure (C 

to D) since the nominal pressure is higher than the sample pressure. However, heating 

up of the hydraulic oil in the piston ram causes the nominal pressure to increase from 

D to E. The effect is equivalent to turning the pump on at this stage. Although the 

increase in pressure is not substantial, "" 0.3 kbar, we virtually eliminated the pressure 

increase due to the heating of the hydraulic oil in subsequent experiments by pre

heating and maintaining the hydraulic oil in the piston ram at a constant temperature 

of 60 0c. This procedure was suggested by I.C. Getting (personal communication). 

From E to F the friction continued to decay as indicated by the fall in nominal 
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pressure and intrusion of the piston over a period of 34 hours. The total decay in 

nominal pressure over this 34 hour period is 3.9%, after which the pressure the 

pressure was increased to 40.4 kbar (0). At this stage, the pump was stopped, and the 

bleed valve was opened to begin the decompression cycle. However, even with the 

pressure in the line decreasing, the piston continued to intrude (0 to X) indicating that 

the true pressure was still lower than the nominal pressure. At point X, the piston 

stopped intruding and at point Z piston extrusion began. The change in sign of the 

slope of the piston displacement versus nominal pressure marked the changeover from 

the piston-in to piston-out mode with point Z denoting essentially the zero-friction 

state. Notice that the decay of pressure from 0 to Z was 6%, about 2% higher than the 

decay from E to F. The same exercise of reaching a desired nominal pressure, valving

off, waiting and then going to a new nominal pressure was repeated during the 

downstroke. This exercise permits us to draw an envelope of the maximum friction in 

both compression and decompression cycle, with the zero friction line lying in between 

the maximum friction boundaries and passing through the point Z. Experiments 

conducted in the piston-in mode will overestimate the true pressure initially by a 

maximum of 6% at 500°C in our 1/2" CsCI-NaCI cell. It should be pointed out that 

this is the maximum friction from the initial time at which the piston ram was valved 

off, decaying to 2.5% within 34 hours. 
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On the second compression cycle (starting at L), the decay of nominal pressure 

with time is considerably smaller, (M to N, 2.5% total decay) due to the well 

compacted state of the pressure cell. There is essentially no further decay of nominal 

pressure or displacement of the piston with time at this stage as the pressure cell has 

reached a quasi steady state with the nominal pressure close to the true pressure. This 

feature has been observed in previous studies using NaCI as the pressure transmitting 

medium (Mirwald et al., 1975). Although the second compression cycle does minimize 

the total frictional decay, and is instructive as to the nature of the cell compaction 

behavior, in reality it is of little practical use since in routine experiments one seldom 

has the luxury of cycling up and down in pressure. 

Subsequent experiments at 500°C (3/4") and at 800 °C (1/2" and 3/4") CsCI

NaCI cells to characterize the friction decay with time were carried out without the 

second compression cycle. At 800°C, the nominal pressure of the 1/2" CsCI-NaCI cell 

decayed to 1.5% of the sample pressure by 30 hours. This is expected due to the 

higher temperature of the experiment, causing 'softening' of the pressure transmitting 

medium. At 500°C, the nominal pressure of the 3/4" CsCI-NaCI cell decayed to within 

2% after 34 hours, while at 800°C the decay period was reduced to 20 hours for the 

same cell. 

The asymmetric nature of the "zero-friction" line with respect to the width of 

the hysteresis loop merits discussion. Some workers (e.g. AkeIIa, 1979) have 
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considered that the zero-friction line lies half-way between the compression and 

decompression cycle envelope (referred as "double-valued friction"). This assumes 

symmetric friction behavior. However, as demonstrated in the present study, the 

hysteresis loop need not be symmetrical. Symmetry of the hysteresis loop is contingent 

on the rate at which the compression and decompression cycles have been carried out. 

Typically, the compression cycle is achieved under much slower rates of pumping. For 

instance, it took about 2.25 hours to increase nominal pressure by 6 kbar (F to 0) 

while the same extent of decompression was accomplished in only 55 minutes (0 to 

H). The mechanics of the bleed valve limit the length of the de-compression cycle, 

preventing a slower decompression rate. The slow compression cycle allows for more 

thorough compaction as well as more rapid friction decay of the cell. In contrast, the 

fast decompression path has an initially higher deviation of nominal pressure from true 

pressure. These findings are consistent with the observations of Mirwald et a/. (1975), 

and Mirwald and Massonne (1980). 

The above observations about friction characteristics in CsCI-NaCI pressure 

cell have been further verified by determining the melting point of LiCI as a function 

of pressure through DTA experiments, as discussed below. 
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Melting Point Determination of Lithium Chloride and Calibration of Pressure 

Cell (DTA Study) 

The melting point of LiCI (and other alkali halides) up to 25 kbar has been 

determined by Clark (1959) in a high pressure gas apparatus and selVes as a reference 

scale for pressure calibrations in other high pressure equipment. Subsequent work by 

Morse (1970), Bohlen and Boettcher (1982) and Cemic et al. (1990) indicate that the 

melting points of the alkali halide as determined by Clark are systematically 10-15 °C 

too low, possibly due to presence of absorbed moisture in the highly hygroscopic salts, 

a point also noted by Clark. For our calibration purposes, therefore, we have compared 

our melting data with the corrected data (+ 10 °C) from Clark (1959). To facilitate 

comparison with published literature values, we have not applied any pressure 

correction to the thermocouple e.m.f. 

In DTA experiments, the melting point of the substance under study was 

determined in the following manner. Initially, the pressure was increased to 10-15 % 

below the desired run pressure, and the sample was heated to within 50°C of the 

melting point. The final pressurization was then performed so as to achieve piston-in 

mode as discussed earlier. After allowing the cell to mechanically and thermally 

stabilize for 20-30 minutes, the sample was heated at a rate of a few degrees 

centigrade to 20°C/second in 10 °C increments. Under sub-solidus condition, the 

e.m.f. of the thermocouple monitoring the sample temperature increased linearly with 
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time. At the melting temperature, the sample thermocouple showed no increase in 

temperature with time till the melting event was over, after which the temperature 

increased due to continued heating of the melt. However, since the melting event is 

typically a fraction of a second in duration, this arrest in temperature increase was 

difficult to detect. This problem has been overcome in the past (Cohen et al., 1966) 

by having a second thermocouple (reference thermocouple) just outside the sample 

container, whose e.mJ increases linearly with time since it is not affected by the 

melting event. (Fig. III.3a). If one of the leads of the sample thermocouple and the 

reference thermocouple be shorted to each other then the difference in the slopes of 

the T vs. t relation of the sample and the reference thermocouples is amplified and 

shows up as a sharp kink in a plotting or recording (in our case, the computer disk) 

device. (Fig. III.3b). The relative positioning of the two thermocouples junctions and 

the positioning of the sample container with respect to the hot-spot of the furnace 

critically dictate the sharpness of the differential signal. A smeared signal causes 

substantial (5-10 0c) error in the melting temperature determination. 

For our DTA studies, the sample container was machined from Fe rods (ultra

pure, SIGMA Chemicals). The design of the sample container is a modified version 

of the one used by J. Ganguly in earlier DTA studies. LiCI (99.995%, ultra-dry, 

AESAR) was packed into the sample container and the 0.005" oversized lid was press

fitted to the container with a portable vise. An 0.001" undersized sleeve was then 
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Fig. 1I1.3a: Schematic illustration of temperature increase with time during heating 
through melting point. The solid line shows the linear increase of temperature with 
time as the sample is heated, till the melting temperature is reached, at which there is 
no increase in temperature till the melting is completed, after which the temperature 
again increases with time. The dashed line shows the temperature as recorded by a 
thermocouple outside the sample container (Reference Thermocouple), which does not 
monitor the melting event and hence increases linearly through the melting 
temperature. 

Fig. I1I.3b: Schematic illustration of the difference (DTA Signal) of the recorded 
temperatures between the Reference and Sample Themlocouples. The sharp kinks mark 
the time at the beginning and the end of the melting event. The EMF recorded by the 
sample thermocouple corresponding to the first inflexion is the melting temperature of 
the sample. 
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slipped on over the capsule to prevent molten LiCI from leaking out during the 

experiment and poisoning the thermocouple. To prevent absorption of moisture, the 

entire process of loading the salt and sealing the sample container was carried out in 

a desiccator glove-box back filled with dry N2 gas and immediately transfen·ed to a 

vacuum drying oven at 150°C. 

Pt-lORhlPt thermocouple wires (Englehardt Corpn.) were sheathed in 4-holed, 

1.6 mm diameter high-purity (99.9%) alumina tubes. The reference junction was 

situated in a notch ground on the side of the tube, 3 mm from the tip. Both the 

reference and sample junctions were covered with high-purity Alundum cement and 

fired in air to red heat (- 900°C). 

The metal sample container was placed in the graphite furnace so that the tip 

of the sample thermocouple would be at the geometric center (hot spot) of the furnace. 

The dimensions of the sample assembly have been designed such that the hot spot 

corresponds to site located a third of the height of the sample cavity. These dimensions 

of the sample assembly and distances between the two thermocouple junctions were 

found optimal for obtaining excellent DT A signals. 

After reaching the desired pressure and allowing the cell to stabilize for a few 

minutes the temperature is raised and lowered across the melting curve several times. 

Melting temperatures and pressures are read just at the onset of melting and 

automatically recorded in the computer. The software specially written for DT A 
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experiments records the nominal pressure during the DT A scan, and typically the 

pressure increase due to fast heating rates (20°C/sec) required to obtain a sharp 

melting signal was not more than 100 to 150 bars. The melting temperature (at the 

nominal pressure) was averaged from 3 to 5 scans, generally reproducing to within 0.5 

m (equivalent to less than 1 0c) for Pt-Rh thermocouples. A typical DTA signal from 

one of our experiments is shown in Fig. III.4. The LiCI melting points have been 

determined from 10 to 30 kbar, corresponding to a temperatures of - 800 to 1080 °C 

(Fig. IlLS). Subsequent scans were repeated at desired time intervals at a fixed nominal 

pressure to quantify the decay of friction with time for our 1/2" and 3/4" CsCI-NaCI 

pressure cells and are plotted in Fig. III.6. Consistent with the observations in our 

hysteresis studies, the initial friction was a maximum of 6% for the 1/2" cell and 4-5% 

for the 3/4" cell. The friction decayed completely by 30 hours for both 1/2 and 3/4" 

diameter cells, at the lower temperature end, decaying faster for the 900 to 1100 °C 

determinations. 

These findings allow us to confidently accept the nominal pressure recorded 

by the pressure gauge at the end of each experiment of longer than 40 hours duration 

as representing the true pressure on the sample. Consistent with this, all our reversal 

experiments have been carried out in the true piston-in mode with run durations of 50 

to 100 hours; therefore no pressure correction to our reported values was necessary. 

It should be noted that once the valves to the hydraulic system were shut off, the 
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Fig. I11.4: Representative DT A signal obtained during determination of melting point 
of LiCI. This particular signal was recorded at a nominal pressure of 16 kbar, using 
1/2" CsCI-NaCI pressure Cell. Note the sharp inflexion in both the sample and 
reference thermocouple spanning less than 2 second time interval, allowing 
unambiguous melting temperature determination. 

Fig. I1I.S: Melting temperature of LiCI determined as a function of pressure through 
DT A experiments, 34 hrs after initial pressurization of pressure cell. The squares 
represent the melting temperatures as determined by using 1/2" CsCI-NaCI cells, while 
the triangles correspond to those determined by 3/4" CsCI-NaCI pressure cells. The 
solid line is the melting curve of LiCI as determined by Clark, 1959, in a gas apparatus 
plus a 10 °C correction as calibrated by Morse, (1970) and Bohlen and Boettcher 
(1982). 

Fig. 111.6: Illustrating the decay of friction with time in the CsCI-NaCI pressure cell 
The nominal pressure approaches the true pressure as a function of time as determined 
through DTA-time study (see text). 
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sample pressure does lIot change (provided of course there are no leaks in the system), 

but the nominal pressure changes towards the sample pressure (Fig. III.2). Thus, 

although the nominal pressure changed during our experiments, the sample pressure 

was constant, and essentially the same as the nominal pressure after 30 hours. 

The a-Quartz ... Coesite Transformation 

I ntroductiofl 

Retrieval of high pressure thermochemical properties from phase equilibrium 

data involving coesite depends critically on the location of the quartz ... coesite 

transition in P-T space. This has been commonly done, as for example in the 

construction of internally consistent thermodynamic data bases by Fei et al., (1990), 

Berman (1988) etc. In addition, the low dP/dT slope of the transition, the fast reaction 

kinetics and the simple chemistry make the quartz ... coesite equilibrium a good 

candidate for a pressure calibration curve in high pressure apparatus, as has been 

suggested by Bohlen and Boettcher (1982). It is not surprising therefore, that the quartz 

... coesite transition has been a subject of intense experimental investigation since Coes 

(1953) first synthesized this high-pressure polymorph of Si02, with at least 19 studies 

in the past 35 years (reviewed by Bohlen and Boettcher, 1982 and Mirwald and 

Massonne, 1980). 
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As noted by Bohlen and Boettcher (1982), studies involving the quartz Po 

coesite transition prior to that of Mirwald and Massonne (1980) were not dependable 

because: 

1. Most studies have been conducted with starting material other than quartz 

and/or coesite. For example, silicic acid was used as starting material in the studies of 

MacDonald (1956), Griggs and Kennedy (1956), Boyd and England (1960), and 

amorphous silica was used by Kitahara and Kennedy, (1964) and few real reversals 

therefore exist. 

2. Considerable pressure gradients and large uncertainty in both the accuracy 

and precision of pressure measurements have been identified in experiments conducted 

with belt-, opposed anvil- or girdle- apparatus which were used in some of the earlier 

studies. 

3. Some of the experiments (e.g. Akella, 1979) attempted to simultaneously 

determine the transition pressure and calibrate the apparatus used in the study, which 

led to circular logic. 

In view of these uncertainties, Bohlen and Boettcher (1982) undertook a careful 

re-investigation of the transition, using well characterized quartz and coesite as starting 

material, to obtain tight reversals from 350 to 1000 °C, 24.6 to 29.7 kbar in a 

calibrated }" NaCI cell in the piston cylinder apparatus. Their determination of the 

transition boundary is the accepted standard in current thermodynamic databases. 
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As mentioned at the beginning of this section, our initial objective was not to 

re-determine or cross-check Bohlen and Boettcher's determination of this equilibrium. 

Our failure to synthesize coesite from quartz at 900°C, 29.5 kbar indicated that the 

3/4" CsCI-NaCI cell used in our study might require significant friction corrections, 

since according to Bohlen and Boettcher, at this temperature, the equilibrium pressure 

should be 28.7 kbar. However, the absence of any measurable friction (as documented 

by our DTA and hysteresis studies) in our pressure cells prompted are-investigation 

of this important phase transition. 

Experimental Method 

a-Quartz was prepared by firing puratronic grade Si02 (Johnson Matthey) at 

800°C for 48 hours in a I-atmosphere vertical DELTECH™ furnace. X-ray diffraction 

of the product as well as oil-immersion optical microscopy showed it to be pure a

quartz. Coesite was synthesized from this quartz at 700°C, 31-32 kbar, 70 hours using 

sealed gold tubing as the encapsulating material. X-ray diffraction and oil immersion 

microscopy showed the product to be pure coesite, with 10-20 pm grain sizes. 

For reversal experiments, approximately equal amounts of quartz and coesite 

were mixed together in a SPEX™ mixer for < 1 minute, and an X ray diffraction of the 

starting mixture was obtained. 5-10 mg of this mixture was loaded into 2.38 mm Au

capsules, moistened with water and sealed under carbon arc. The pressure cell was the 

same as that used in DTA studies with the following modifications: 
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1. The Au capsule was placed horizontally on the NaCI cylinder, with a thin 

film of BN powder protecting the base of the Au-capsule from the NaCl. 

2. A 0.254 mm thick Alundum disk was placed above the capsule, to prevent 

the puncturing of the Au capsule by the tip of thermocouple ceramic. 

3. The sample capsule was placed at the geometric center of the graphite 

furnace. 

4. All experiments were carried out in the piston-in mode. 

All reversal experiments reported here were conducted in temperature controlled 

mode. Our microprocessor controlled electronic circuitry controlled the temperature to 

within 0.01 m.v. of the thermocouple set point. In case of thermocouple failure, the 

controller would automatically switch over to power control mode to maintain the 

same power that was being drawn by the furnace in the temperature control mode. 

However, these runs would be rejected since accurate temperature monitoring was not 

possible once the thermocouple was broken. 

At the end of the desired run duration, the temperature was ramped down to 

ambient condition within 15-20 seconds and the sample slowly (~ 10-15 minutes) de

pressurized. The gold capsule after each run showed an indentation mark of the 

thermocouple tip, indicating that the thermocouple junction and sample were in close 

proximity during the experiment. 
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The products from the reversal experiments were analyzed by X ray diffraction 

and optical microscopy. Comparison of the relative intensities of (100) and (101) peaks 

for a-quartz and (111) and (002) peaks of coesite from diffractograms before and after 

each experiment allowed unequivocal determination of reaction direction. 

The results of our reversal experiments are in Table III.1 and Fig. III.7. The 

reversal data allow an excellent linear fit over the temperature range 500 to 11 00 °C. 

Also shown for comparison are the results obtained by Bohlen and Boettcher (1982) 

and Mirwald and Massonne (1980). The thermodynamic consequences of this new 

determination of the quartz-coesite equilibrium are discussed in Chapter IV. 

It is difficult to ascribe a reason as to why there is an approximately 1.5 kbar 

discrepancy between our and Bohlen and Boettcher's data. Several possibilities were 

considered. It was hypothesized that the process of grinding the starting material in an 

agate mortar as was done by Bohlen and Boettcher could have preferentially 

introduced more strain energy to the quartz (cf. similar problems noted in the 

experimental determination of the Al2SiOs phase boundaries), thereby increasing the 

field of stability of coesite with respect to quartz. However, some of our reversals were 

conducted with 2 capsules placed next to each other in the pressure cell, one 

containing starting material that was ground in an agate mortar and the other 

containing unground starting material. Both the capsules showed the same change in 

reaction direction after the experiment. Experiments were then carried out using our 
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starting material, and that used by Bohlen and Boettcher in their reversal experiments. 

(The starting material was kindly provided by Steve Bohlen). Once again, no 

differences in reaction direction were found, except the run products using the Bohlen 

and Boettcher starting material were much smaller in grain-size than ours. 

In the absence of evidence suggesting an energetic difference in the starting 

materials used in the two studies, the obvious conclusion to account for the observed 

discrepancy in P-T space would be to ascribe the source of the problem to lie in the 

determination of "true" pressure in the piston cylinder apparatus. Bohlen and Boettcher 

calibrated their I" NaCI cell at pressure by determining the melting points of several 

alkali halide using the sinking Pt-sphere method. Their results agreed with the 

corrected melting curve of Clark (1959), indicating that their I" NaCI cell had no 

friction as well. As our careful evaluation of friction corrections in our apparatus 

yielded a similar result, it appears that ± 2-3% pressure uncertainty may be 

unavoidable in the piston-cylinder apparatus. This fact needs to be kept in mind in the 

calibration of geobarometers and other pressure sensitive reactions/processes. 
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Fig. 111.7: The quartz -- coesite transition as experimentally determined by Bohlen & 
Boettcher, (1982) (triangles); Mirwald & Massonne, (1980) (dashed line) and this work 
(squares). Open symbols represent the growth of quartz at the expense of coesite, while 
the filled symbols indicate growth of coesite at the expense of quartz. 
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TABLE 111.1: Experimental Conditions and Results for Quartz P Coesite Transition 

Run # T,oC P, kbar Duration, hours Result 

QC39 500 27.1 71 100% quartz 

QC38 500 27.4 67.5 100% coesite 

QC37 600 28.2 56 99% coesite 

QC36 600 27.8 60 95% quartz 

QClO 700 28.5 72 100% quartz 

QC12 700 28.8 70 90% coesite 

QC27 800 29.6 57 100% coesite 

QC30 800 29.2 50 100% quartz 

QC22 900 29.8 48 100% quartz 

QC21 900 30.1 48 95% coesite 

QC23 1000 30.6 47 100% quartz 

QC25 1000 30.9 48 100% coesite 

QCl 1100 31.1 36 100% quartz 

QC9 1100 31.5 36 100% coesite 

QC28 1200 32.0 32 100% quartz 

QC33 1200 32.4 30 100% coesite 
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Talc Dehydration Equilibrium 

We have conducted reversal experiments to constrain the phase boundary of the 

talc dehydration reaction: Talc = 3 Enstatite + Si02 + H20 using both synthetic and 

natural talc to retrieve energetic properties of talc consistent with available 

calorimetric, phase equilibrium and volumetric data. 

Reversal experiments in the piston-cylinder apparatus were conducted from 15 

to 40 kbar, 750 to 800°C following the same experimental procedure as for the quartz 

~ coesite transformation. 

Starting Materials: 

1. Talc: natural and synthetic talc were from the same batch as discussed in 

Chapter II. For the reversal experiments, the 1.0 ).1m grain size fraction of natural talc 

and the similar grain size (1 to 2 ).1m) synthetic talc were used to eliminate the effect 

of grain size if any, on the energetic properties of talc. 

2. Quartz and coesite were synthesized by the same procedure as discussed 

above. 

3. Ort!zo-ellstatite was synthesized in two stages. Stoichiometric amounts of 

puratronic MgO and cristobalite were mixed and heated at 1450 °C for 4 hours in a 

graphite container in the 1 atmosphere DELTECH
n

• furnace in flowing Ar gas (to 

prevent the graphite container from burning), ground in an agate mortar and heated for 

an additional 20 hours. X ray diffraction showed the product to be a mixture of 
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quenched clino- and proto- enstatite. This product was then held at 1150 DC, 20 kbar 

for 4 days. X-ray diffraction of this second stage synthesis product showed it to be 

pure orthorhombic enstatite, (15 to 20 pm prismatic crystals) with no clino- or proto

enstatite peaks or any other phases present. 

Approximately stoichiometric amounts of talc and enstatite with 10% excess 

quartz (or coesite) and excess distilled H20 were loaded in 2.38 mm gold capsules, 

sealed in C-arc welder and run in the piston-cylinder apparatus. Typically the charge 

would contain 5-10 mg of the starting mixture. Excess quartz/coesite were used to 

offset the dissolution of Si02 in the fluid in the experimental charge; this ensured that 

all the solid phases were present to participate in the reaction. Quartz was used in 

experiments < 30 kbar, while coesite was used for experiments > 30 kbar. Each 

experiment contained 2 capsules: one containing the 1.0 pm natural talc (+Enstatite, 

Quartz or Coesite, H20) and the other with synthetic (1-2 pm) talc (+Enstatite, Quartz 

or Coesite, H20). Both capsules were placed next to each other in the hot-spot of the 

furnace. The experimental method is identical to that used in the quartz-coesite 

reversals. 

Reaction directions were ascertained by comparing relative X-ray peak 

intensities in the starting material and products. Only those experiments in which the 

charge retained H20 during the experiment and showed more than 25% change in peak 

height ratios between the starting mixture and run product XRD were considered as 
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constituting reversal brackets. The experimental results are in Table III.2 and Fig. 111.8. 

The next chapter discusses the thermodynamic implications of our experiments. 

Table 111.2: Experimental Conditions and Results for Talc Dehydration Equilibrium 

Run# T,oC P, kbar Duration, hrs Result 

TLC1 700 38.5 36 * Ta++, OPx--, Coes--
t Ta++, OPx--, Coes--

TLC3 740 38 54 * Ta++, OPx--, Coes--
t lOA, minor Opx, Coes 

TLC4 770 38 71.5 * Ta++, OPx--, Coes--
t Ta 

TLC11 800 37.9 72 * Ta++, OPx--, Coes--
t Ta 

TLC6 830 38 45 * OPx++, Coes++ 
t OPx++, Coes++ 

TLC9 820 36.5 51 * OPx++, Coes++ 
t 10A, Opx, Coes 

TLC8 800 36.1 45 * Ta++, Coes--
t Ta++, OPx--, Coes--

TLC12 815 35.9 72 * OPx++, Coes++, Ta--
t Ta++, Coes--

TLQ13 805 29 71.5 * Ta 
t Ta++, minor Qz 

continued ~ 
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Table III.2:continued. 

Run# T,oC P, kbar Duration, hrs Result 

TLQ14 820 28.3 69 * Ta 
t Ta++, minor Qz, OPx 

TLQ15 840 28.7 46 * OPx, Qz++, Ta--
t Ta++, Qz--, OPx--

TLQ22 825 24.5 72 * Ta 

TLQ23 835 24 118 * OPx++, Qz++, Ta--
t Ta 

TLQ24 840 24 70 t OPx++, Qz++ 

TLQ18 850 21.3 82 * OPx, Qz 
t Ta++, no Qz, minor OPx 

TLQ16 820 20 59 * Ta 
t Ta 

TLQ19 830 20 55 * OPx, Qz 

TLQ17 840 19.7 71 * OPx, Qz 
t OPx, Qz 

TLQ20 815 16.3 74.5 *Ta 
t Ta 

TLQ21 830 16.2 77.5 * OPx, Qz 
l' Ta++, minor OPx, Qz 

TLQ25 850 16.3 70 t OPx, Qz 

* StartIng Matenal Used: Talc, Enstatite, Quartz/Coestte (all Synthetlc) + H20 
t Starting Material Used: Natural Talc, Synthetic Enstatite, Quartz/Coesite + H20 
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Fig. 111.8: Experimental data for the reaction Ta = 3 En + Qz(Coes) + V. Open 
triangles represent growth of synthetic talc, while solid triangles represent decay of 
synthetic talc, and growth of En, Qz/Coes and V. Right arrows indicate growth of 
natural talc at the expense of En, Qz/Coes and V, while left arrows represent decay 
of natural talc. 
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CHAPTER IV 

THERMODYNAMIC ANALYSES 

Introduction 

Thermodynamic treatment of mineral equilibria is central to our understanding 

and quantifying of petrological processes. One of the most important petrological 

applications of thermodynamics is the successful prediction of phase equilibria, 

utilizing existing knowledge of the thermodynamic (thermophysical, thermochemical 

and volumetric) properties of the participating phases. Construction of a reliable 

thermodynamic data set therefore, is an essential pre-requisite for calculation of 

mineral equilibria. 

Existing thermodynamic databases fall into two categories. One lists the 

thermodynamic properties of each phase individually, based essentially on calorimetric 

data (e.g., Robie et al. 1978; JANAF Tables, 1971). However, the realization that 

calorimetric determination of enthalpies of formation are not generally of sufficient 

accuracy to reproduce and discriminate among phase equilibria data has spawned 

research towards formulation of databases that verify and refine the calorimetric data 

by checking their consistency with available data on experimental phase equilibria. 

Termed "internally consistent databases", they relate the thermodynamic data of the 
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minerals to each other (eg. Helgeson et at., 1978; Holland and Powell, 1985; 1990; 

Berman et at. 1985; Berman, 1988 etc.) and have allowed successful reproduction of 

mineral equilibria in majority of the instances. 

Successful construction of any database involves knowledge of the equation of 

state (EOS) of the phases, evaluation of available calorimetric and phase equilibria data 

and the optimization algorithm used to arrive at the final solution set. The most 

important caveat in this context is the nature and quality of the phase equilibrium data, 

particularly those that are input as "anchor" points in the calculation. This is specially 

relevant in the context of our determination of the talc dehydration reaction. 

Fig. IV.1 compares the equilibrium Talc = 3 Enstatite + Si02 + Vapor 

calculated according to the data bases of Holland and Powell (1990) and Berman 

(1988), (referred as HP90 and B88 respectively) with the available experimental 

reversal brackets. There is a 110 °C discrepancy at 40 kbar between the experimentally 

determined and the calculated temperatures of the above equilibrium. The sources of 

possible error and refinement of the database in the light of our experimental data are 

the subject of this chapter. 

We have evaluated and if necessary, refined the available heat capacity, 

standard state enthalpy and entropy, molar volume, expansivity and compressibility 

data for each of the solid phases participating in the reaction. This permits construction 
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Fig. IV.I: Comparison of the predicted equilibrium boundary for the talc dehydration 
reaction Ta = Ell + Qz/Coes + V as calculated from thermodynamic databases of 
Berman (1988; B88) and Holland and Powell (1990: HP90) with experimental data. 
The stars represent the preliminary (unpublished) data of Holland. Note the 110 °C 
discrepancy between the experimentally determined and calculated temperature of the 
above equilibrium. 
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of a data set consistent with our experimental reversals. Throughout this work, the 

standard state for the solid phases is chosen to be state at 1 bar, 298.15 K. 

For H20, the only participating fluid phase in the reaction, the choice of 

available high pressure EOS (for Pll20 > 10 kbars) eg., Delany and Helgeson (1978), 

Belonoshko and Saxena (1991) or Brodholt and Wood (1991) do not affect the position 

of the equilibrium (up to 40 kbars) by more than 5°C. This is expected since all the 

3 EOS are constrained to be consistent with Burnham et al. (1973) data to 10 kbars, 

1000 °C. The calculated equilibrium using the three EOS for the brucite dehydration 

reaction are in excellent agreement with the experimental data to 40 kbar. To maintain 

consistency with HP90 and B88 data bases, we have used the Delany and Helgeson 

(1978) EOS for H20 for our calculations. 

Quartz 

For both the quartz-coesite and the talc dehydration reactions, the range of our 

experiments is limited to the a-quartz field. Standard state enthalpy, entropy and molar 

volume of a-quartz, as listed in Robie (1987), are used as reference values in current 

data bases and are used in the present calculation. Heat capacity and molar volume 

expressions are complicated by the a-~ transition occurring at 848 K, 1 bar. We have 

followed the procedure adopted by Berman and Brown (1985) and Berman (1988) i.e. 
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the heat capacity over the lambda transition range is considered to be sum of 'lattice' 

and 'lambda' components. The 'lattice' component is equivalent to the Cp of the low-

temperature polymorph below the transition temperature. From reviewing the available 

Cp data for quartz, Berman and Brown (1985) computed the 'lambda' component of 

Cp between 373 and 848 K, 1 bar as follows: 

C l,T = T(l +11)2 
p," 1 2 

(IV. i) 

where II = -9.187e-2, 12 = 24.607e-5 allowing reasonable fit to calorimetric data to 

within 30 K of the lambda point (Berman and Brown, 1985, Berman 1988). The 

'lattice' component of both u- and ~-quartz was represented by the same 

parameterized function: 

c = k + k T-o.s + Ir T-2 + Ir T-3 
pOl "'2 "'3 

(IV.2) 

where ko= 80.01, kl = -20.014 E2, k2 = -19.997E5 and k3=-6.318E7 (Berman, 1988). 

Fig. IV.2a illustrates the calculated Cp(u-quartz,) at 1 bar ( = Cp('lattice') + 

CPJ and the calorimetric data. The dashed line is the contribution from the 'lattice' 

term while the solid line is the sum of both the lattice and the lambda components. 

Since Cp data are lacking as a function of pressure, it has been assumed that 

the magnitude of CPA and the width of the transition is independent of P (Berman and 

Brown 1985); however the position of onset of the transition moves to higher 

temperature (Fig. IV.2b,c) with increasing pressure according to: 
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Fig. IV.2: Effect of lambda transition on the heat capacity of quartz as calculated from 
the parameterized heat capacity expression of Berman (1988). The dashed line is the 
contribution from the "lattice" term while the solid line is the sum of both the lattice 
and the lambda components. Note that the magnitude of CPA. remains constant at 
elevated pressure; however, the position of onset of the transition moves to higher 
temperature (a: 1 bar; b: 10 kbar; c: 20 kbar) with increasing pressure (Berman, 1988). 
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T[ = Ti bar +k(P-l) 

where k = (cll'ldP) = 0.023, P is in bars. 

Cp/ at any pressure P for TreJ < T' < T,/ bar is computed from: 

where T' = T + T/ bar - T/. 

122 

(IV.3) 

(IV.4) 

Fig. IV.2a-c illustrate the change of Cp function of a-quartz with pressure from 

1 bar to 20 kbar. 

Changes in Hand S due to the lambda transition are computed by performing 

the appropriate integrations of the Cp/ expression to obtain the change in free energy 

resulting from this transition. The effect of the transition on the volume was calculated 

by taking the pressure derivative of GA.' 

In summary, for a-quartz, at T < T')..., the thermodynamic properties are 

calculated using equations IV.l to IV.3 (eqns. 8-12 of Berman 1988). For T> T')..., they 

are calculated using the standard state properties and lattice Cp of the high temperature 

polymorph. 

Coesite 

Enthalpy and entropy determinations of coesite by Holm et al. (1967) predict 

a negative dPlcll' slope for the a-quartz...-coesite at 273-773 K, which is inconsistent 
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with all experimental determinations of the equilibrium. The fine grained natural 

samples used by Holm et al. probably contained impurities leading to en'or in the 

calorimetric detenninations (Weaver et al. 1973; Akaogi and Navrotsky, 1984). 

The inconsistency between the calorimetric and phase equilibrium data led 

Akaogi and Navrotsky (1984) to re-determine the enthalpy of the quartz-coesite 

transition by high temperature solution calorimetry using well characterized synthetic 

samples. Using the heat content of quartz in Robie et al. (1978) and their measured 

values of the heat content of coesite, Akaogi and Navrotsky calculated the enthalpy of 

the transition at 298 K (/llr298 = 2928.8 ± 292.9 J/mol). The phase boundary calculated 

using this value and I1S0298 from Holm et al. (1978) has a negative slope of -3 barIK 

and a transition pressure of 18.5 kbar at 298 K, which is inconsistent with the 

experimental determination of the eqUilibrium boundary. This suggested that both the 

enthalpy and entropy data of Holm et al. (1967) might be in error. 

In order to obtain the l1So 
T' illdepelldellt of the heat capacity measurements, 

Akaogi and Navrotsky retrieved I1Go (1,975 K) from Bohlen and Boettcher's (1982) 

experimental data on quartz-coesite transition (which is at 27.1 kbar at 975 K) and the 

available volumetric data. Using their measured value of Illr (1 bar, 975 K), Akaogi 

and Navrotsky obtained I1SO (1 bar, 975 K) = -5.02 ± .42 J KI mo}"I, the error of 

which resulted from the uncertainty of the measured enthalpy of transition, 1338.9 ± 
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292.8 J K' mor'. This was significantly different from that calculated by Holm et al. 

(1967) from heat capacity measurements: I1S073J = -2.2 J mol-' K'.' 

U sing available heat capacity, volumetric and the newly determined calorimetric 

data, 11S0298 was calculated by Akaogi and Navrotsky (1984) to be -2.92±.84 J K'mol-', 

compared to -0.96 J K'mor' as determined by Holm et al. (1967). The phase boundary 

calculated with these data were in general agreement with Bohlen and Boettcher (1982) 

reversals, but with considerable curvature. The investigators noted that since the 

volume, entropy and enthalpy changes of the reaction are small (as is expected in a 

polymorphic transition), small errors in heat capacity, compressibility and thermal 

expansivity data will have significant effect in the calculation of the equilibrium, 

leading to large uncertainty in the calculated curvature of the boundary. As pointed out 

by them, the adjustments to the volumetric and energetic terms due to the polymorphic 

transition in a-~ quartz (as discussed in section under Quartz above) were not 

incorporated in the calculation. In addition, the heat capacity equation of coesite used 

by Akaogi and Navrotsky (1984) was based on the measurements of Watanabe (1982) 

from 350-700 K. However, as shown in Fig. IV.3, the heat capacity of coesite as 

calculated from Watanabe (1982) for T > 700 K deviate significantly from that 

The same treatment of our a-quartz~oesite data (28.7 kbar, 975 K) yield essentially 
the same I1so975 = -5.37 ± 0.42 J K' mol-', well within the uncertainty of the enthalpy 
measurement. This is expected since the transition boundaries as determined by Bohlen 
and Boettcher (1982) and us have very similar dP/dT slopes, and differ only by a 
maximum of 2 kbar. 
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Fig. IV.3: The heat capacity of coesite calculated from Watanabe (1982, dashed line) 
compared with that used by Fei et al. (1992) and Robie et al. (1978). The heat 
capacity of coesite as calculated from Watanabe is thermodynamically unacceptable 
since it does not asymptotically approach a fixed value with increasing temperature. 
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obtained from the heat capacity equations in Robie et al. (1979) and has a 

thermodynamically unacceptable form at high temperature in that it does not 

asymptotically approach a fixed value. Subsequent evaluations (e.g., Fei, Saxena and 

Navrotsky, 1990; Berman 1988; Holland and Powell, 1990) of the heat capacity for 

coesite and quartz prefer the expressions as in Robie at al. (1978) and Hemingway 

(1987) over that of Watanabe (1980). For coesite and quartz, , we have therefore used 

the heat capacity expressions from Robie et al. (1978) and Hemingway (1987) 

respectivel y. 

Retrieval of n° and So for Coesite from Experimental Data 

We have retrieved the enthalpy and entropy of coesite consistent with 

calorimetric data and our determination of the a-quartz~oesite transition in the 

following manner: 

1. The molar volume of the phases at P,T is calculated from relation: 

VP,T = V2~8(1 + ec:dT- PdP) IV.S 

where l/'.T and V0298 are the molar volumes at P,T and 1 bar, 298 respectively; a and 

~ are the isobaric thermal expansivity and isothermal compressibility with a = ao + 

aJT, and ~ = ~o + ~JP' The constants ao' aJ, ~o and ~J are determined by least square 

regression of the volume expansion (Skinner, 1966) and compression (McSkimmin et 

al. 1965 for quartz; Levien and Prewitt, 1981 for coesite) data. 
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2. For each of our reversal brackets (expanded to take into account uncertainty 

in T (5°C) and pressure (0.2 kbar)) the tenn (H0298-TS0298)cocsitc has been evaluated from 

with 

and 

p 

o = t:.G:;: = t:.H; - Tt:.S; + J t:. VT(P)dP 
1 

T 

t:.H; = t:.H2~8 + J t:.CpdT 
298 

T 
o 0 J t:.Cp 

t:.ST = t:.S298 + --dT 
298 T 

(IV.6) 

(IV.7) 

(IV.S) 

where 8J-JD298 and 88°298 are the standard enthalpy and entropy change of the reaction, 

8Cp is the difference in heat capacity between products and reactants, and 8Vy{P) is 

the volume change of the reaction calculated from IVA. 

For T < T).. (at P) the appropriate energetic terms due to the lambda transition 

are incorporated with eqns IV.1-3 and for T > T').. the high-temperature polymorph 

properties are as discussed earlier. 

For coesite, all of the above values, with the exception of H0298 alld S0298 are entered 

into eqn. IV.6. 
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4. For each of our expanded reversal brackets, this yields a set of (H029S-

TS029S)cocsitc values. 

5. Least squared analyses of (H029S-TS029S)cOCSilC vs. T result in: 

H029S (coesite) = -907225.6 (± 27.48) J mol-I and 

S029S (coesite) = 39.5815 (± .046) J mol -I KI (R2 = 0.99). 

Our experimental a-quartz"'"Coesite reversal brackets can be linearized by least

squares regression according to: 

P (kbar) = 21.945 (± .1855) + 0.006901 (± 0.0003) T (K); (R2 = 0.98). 

If the equilibrium P as calculated from this expression is used with each of the 

corresponding equilibrium temperatures, then similar treatment of (H0298-TS029S)cocsitc vs. 

T yield: 

H029S (coesite) = -907252.3 (± 7.2) J mol-I and 

S029S (coesite) = 39.558 (± .023) J mol -I KI (R2 = 0.99). 

which are essentially the same as those obtained by considering the expanded reversal 

brackets. This is expected since the reversal brackets are tight. These retrieved values 

are compared with existing literature values in Table IV.1. Our enthalpy value of -

907.2 kJ/mol is well within the error limits of Akaogi and Navrotsky's calorimetric 

determination and Berman's (1988) optimized values. Since the polymorphic 

transformation effects were incorporated in our calculation, we consider that our S0298 

value which is 1 Joule/mol/K higher than that calculated by Akaogi and Navrotsky 
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(1984) to have a smaller uncertainty than their value. The computed transition using 

the retrieved enthalpy and entropy values, as discussed above, and illustrated in 

Fig.IV.4 shows no curvature even when extrapolated beyond the experimental range. 

TABLE IV.1: Summary of standard state enthalpy of fonnation from elements and 

Third Law Entropy of Coesite from existing literature data and that retrieved from 

phase equilibrium data on the Quartz ~ Coesite transition (this work). 

RHF '78 B88 A&N '84 

Coesite kJ/mol -905.6±2.1 -907.6 -907.7 

S0298 J/mol/k 40.38±.42 39.424 38.53 

(Coes-qz) .1HO 298 kJ/mol -5.116 -3.096 -2.93±0.3 

.1so 
298 J/mol/k -1.0877 -2.03 -2.93 

RHF '78: Robie el al. (1978); B88: Berman (1988); A&N '84: Akaogi & Navrolsky, (1984) 
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Fig. IV.4: Computed equilibrium boundary of the quartz"" coesite transition using the 
enthalpy and entropy of coesite as retrieved from phase equilibrium data of the present 
study. 
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Talc 

Prior to this study, reversed, experimental data on the reaction Ta = 3 Ell + Qz 

+ vapor were available up to 17 kbar (Greenwood, 1963; Skippen 1971; Chernosky, 

1976; and Chernosky et al. 1985), although all but the latest were confined to 2 kbar 

pressure2
• Thermodynamic optimization studies with available calorimetric and phase 

equilibria data have indicated that there exist significant uncertainties in the energetic 

properties of talc, particularly with regard to its entropy and enthalpy of formation 

(Day and Halbach, 1979; Day et al. 1985; Berman, 1988). We will briefly review the 

studies since 1979, identify the possible sources of uncertainty and propose a new set 

of entropy, enthalpy and volumetric parameters consistent with experimental data. 

Day and Halbach (1979) examined stability relations in talc bearing reactions 

using experimental data obtained at pressures up to 4 kbar. Their linear programming 

analyses resulted in entropy of formation differing by 13 standard deviations, and 3 

standard deviations in enthalpy of formation for talc, from that of Robie and 

Waldbaum (1968). Although the thermodynamic effects of the a-13 quartz transition 

were considered in the calculations, the volume of the solids at P,T were calculated 

ignoring the effects of thermal expansion and compressibility. This may explain the 

Kitahara et al. (1971) conducted short duration experiments (0.5 to 1 hour) up to 30 
kbars. Since these were of synthesis nature (silicic acid and enstatite, or just talc being 
used as starting material) rather than representing true reversals, they have not been 
included in the above list. 
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large deviations in entropy of formation, and smaller deviations in enthalpy of 

formation of talc from calorimetric values. 

With the availability of new experimental data (Chernosky et al. 1985) to 17 

kbar, Day et al. (1985) re-evaluated the enthalpy and entropy of formation of talc 

following the same procedure as Day and Halbach (1979). In addition to the 

experimental reversals to 17 kbar, Chemosky et al. (1985) expanded the data set to 28 

kbar by including the "preliminary bracket" of Holland (personal communication to 

Chemosky et al. 1985) at 760-780 °C. This was included in the calculations of Day 

et al .. Optimization based on this expanded data set resulted in entropy of formation 

of talc matching the calorimetric data, with enthalpy differing by 8 standard deviations 

from Robie et al. (1978) (Table IV.2). As in the previous work, the investigators 

considered that since the compressibilities and expansivities of some of the solids were 

unknown, it was prudent to ignore the pressure and temperature contributions to the 

molar volumes of the solids at high pressures and temperatures, since it was uncertain 

as to whether incorporation of these properties improved the results or introduced more 

uncertainty. 

Molar volumes as functions of pressure and temperature were incorporated in 

the optimization procedures of Berman (1988) and Holland and Powell (1990). The 

experimental data set used in both of these studies was the expanded data set of 

Chemosky et al. (1985). The enthalpy of formation, third law entropy, and molar 
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volume as function of temperature were optimized by Berman (1988) through 

mathematical programming, and by least squares analyses by Holland and Powell 

(1990). Although different optimization procedures were used in these studies, the use 

of the same experimental data set as input parameters resulted in very similar 

optimized values, but differing significantly from the Robie et al. (1978) and 

Hemingway (1991) calorimetric values (Table IV.2). 

TABLE IV.2: Standard State Enthalpy of formation from the elements (kJ/mol) and 

Third Law Entropy of Talc in existing data bases. 

I Source I ~HI,298 {kJ/mo!} 

Berman 1988 -5897.387 

Holland & Powell 1990 -5895.23 ± 3.7 

Day et al. 1985 -5898.217 

Day & Halbach 1979 -5906.569 

Robie et al. 1978 -5915.9 ± 4.3 

Hemingway 1991 -5900 ± 2.0 

~HI,298 = Enthalpy of fonnation from the clements (kllmol) 

SI,298 = 1l1ird law entropy (J/moI/K) 

I SI,298 {J/mol/K} I 
261.24 

260.80 

260.83 

269.53 

260.83 ± 0.63 

260.83 ±0.63 

The molar volume of talc as a function of pressure and temperature using the 

optimized thermal expansivity and compressibility parameters in these two studies are 
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Fig. IV.S: Molar volume of talc as f(P,T) computed from the databases of Berman 
(1988) (solid lines) and Holland and Powell (1990) (dashed Lines). 
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shown in Fig. IV.5. The non-convergence of the molar volume at reference conditions 

is due to the slightly different reference state molar volumes used in the two studies. 

As discussed in the Introduction and shown in Fig. IV.1, the predicted 

equilibrium boundary calculated using the thermodynamic data bases B88 and HP90 

deviate significantly from our experimental reversals of the equilibrium. This is due 

to the inclusion of the "preliminary reversal" of Holland in the construction of both the 

data bases. We have not been able to experimentally reproduce Holland's reversal 

brackets and cannot comment on the nature and quality of this data since it was in the 

form of a personal communication to Chemosky et al. (1985). 

Inspection of the equilibrium as calculated by B88 and HP90 indicated that the 

sign of the predicted dP/dT slope changes from positive to negative at around 10 kbar 

in order to pass through Holland's 28 kbar data. Although one of the sources of 

uncertainty in the above data bases is the enthalpy of formation of talc, incorporation 

of a more negative enthalpy of formation of talc in the calculation would simply 

expand the field of stability of talc, and not change the sign of the slope. Fig. IV.6 

shows the shift in calculated equilibrium if M/I.298(talc) be changed to -5900 kJ/mol 

(Hemingway, 1991). Dehydration reactions involving highly contrasting volumetric 

properties between products and reactant phases will be significantly affected by the 

compressibility and expansivity of the solid phase with the largest molar volume. Since 

molar volume at P,T and the entropy of talc are the slope determining parameters, 
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Fig. IV.6: The dehydration equilibrium: Ta = 3En + Si02 + H20 (dashed line) 
calculated by changing M/1.298(talc) to -5900 kJ/mol (Hemingway, 1991). Notice the 
temperature maxima is still around 10 kbar, violating our experimentally determined 
equilibrium. 
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exclusive of the data for H20, we have therefore re-evaluated the entropy, expansivity 

and compressibility functions of talc in order to obtain a dataset that allows calculation 

of the equilibrium boundary of the reaction Talc = 3 Enstatite + Si02 + H20, consistent 

with the experimental reversals. 

Retrieval of Thermodynamic Properties of Talc from Experimental Data. 

To retrieve the above parameters from our reversal brackets, we used the 

expanded temperature and pressure brackets of our reversals as representing !:!GP,Trx/I 

= 0, as was done for coesite. From the basic thermodynamic relation, we have at 

equilibrium: 

p 

o = flO:;: = flH; - TflS; + J flV7(P)dP + G:~~ (IV.9) 

1 

where woT• !:!soT and !:!V~P) are the changes in the enthalpy, entropy and volume of 

the solid products and reactant as defined in eqns. IV.7 & IV.8. The last term 

accounting for the free energy of H20 is calculated from the EOS of Delany and 

Helgeson (1978). 

The retrieval of the enthalpy, entropy and volumetric parameters of talc was 

performed in the following manner: 
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1. Except for talc, all the parameters (m, S, Cp, Vo, V (T,P) for enstatite, 

quartz and/or coesite and G(H20) were entered in eqn IV.9. 

2. For T < T').. (at P) (quartz) the appropriate energetic terms due to the lambda 

transition are incorporated with eqns. IV.1-3 and for T > T').. the high-temperature 

polymorph properties are used as discussed in section under quartz. 

3. Cp for minerals other than quartz is parameterized with the function (Berman 

and Brown, 1985) 

Cp - k + k T°.5 + k T2 + k T3 - 0' 2 3 

where k, and k2 have been constrained to be less than or equal to zero, and k3 is 

positive. We have used this parameterized form of Cp(T) using the constants k, 

through k3 for talc, coesite and ortho-enstatite given by Berman (1988) since the above 

form ensured that the Cp function could be extrapolated smoothly without inflections 

above 298.15 K. In contrast, the Cp function for talc given by Hemingway (1991), 

between 298 and 800 K, are incompatible with the theoretical constraints (e.g. Ganguly 

and Saxena, 1987, Fei and Saxena, 1987)3 on the behavior of Cp versus T above 650 

K as is evident from Fig. IV.7. 

3Cp must asymptotically approach a fixed value with increasing T. 
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Fig. IV.7: Cp function for talc as given by Hemingway (1991), between 298 and 800 
K compared with that given by Berman (1988). 
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4. We start with the assumption that for talc, the temperature and pressure 

dependency of thermal expansion and compressibility can be expressed as linear 

functions of T and P respectively: 4 

and 

Accordingly, 

P,T P,T 

J dV = V2~8 J [(<<0 +«I1)dT - (Po +P 1P)dP] (IV.10) 

1,298 1,298 

or, 

Integrating (IV. 1 1) 

(IV.12) 

or, 

Although arT) and ~(P) are also functions of P, T respectively, these dependencies 
have been ignored here since experimental determinations of volume at P,T do not 
resolve these dependencies. 



p 

JV~P)dP 
1 - 1 = CO"o + C1"1 - C2 Po - C3P1 
V2~8(P-l) 

where Co = T-298, CI = (T2 
- 2982)/2 

and C2 = (P-l)/2, C3 = (P+2)(P-1)/6. 

Setting the L.H.S of (IV.13) equal to Y, we have: 
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(IV.l3) 

(IV.14) 

4. For talc, I:!Jr298 and S0298 are chosen close to literature values as initial 

values. These are input into eqn. IV.9 for each of our expanded reversal brackets. This 

yields a value of integral VdP tenn at each P,T, from which the parameter "Y" is easily 

calculated. 

5. Multiple regression (using SPSS) of eqn. IV.14 through origin is then 

perfonned. For the chosen MJ0298 and S'298 values of talc, the parameters 0.0' 0./ . ~o. and 

~I are thereby retrieved. 

6. The /)JI°298 and So 298 values used in step 4 are replaced by different literature 

values or the initial values are adjusted and the process is repeated to obtain sets of 

/)JI°298 and S0298 and corresponding 0.0, 0.1, ~O and ~1 parameters consistent with our 

experimental reversals. 
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Results & Discussion 

i) Synthetic Talc 

The assumptions that <X and 13 are linearly dependent on T and P respectively 

were initially made as a point of departure for initiating first-order estimations. If the 

results of these computations had resulted in unreasonable /').Jr298, S0298' <X and 13 

estimates for talc, then the functional form of V(p,n could have been changed to 

incorporate non-linear dependencies of afT) and P(P). If the M-JD298 and S0298 values of 

talc as in Table IV.2, B88 are used with our reversal brackets, the following values for 

expansivity and compressibility parameters are obtained: 

Table IV.3: Retrieved volumetric parameters of Talc, consistent with phase 

equilibrium data (this work). The last two columns are the enthalpy and entropy values 

(Berman, 1988) input in the retrieval procedure. 

<XO <XI Po 131 ~H0298 S0298 

2.606e-5 0.0 2.8116e-6 -6.05776e-11. -5897.387 261.24 

The molar volume of talc at P (298.15 K) calculated using these 

compressibility parameters (Fig. IV.8a) is in good agreement with the experimentally 

determined compressibility of talc by Vaidya and Kennedy (1970) and Vaidya et al. 

(1973) justifying our assumption of linear dependency of P(P )talc and indicating 

excellent self-consistency with the thermodynamic parameters of the phases used and 

our experimental reversals. It differs significantly from the molar volume calculated 
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Fig. IV.8a: The molar volume of talc at 298.15 K, as a function of pressure (i.e. 
isothermal compressibiIity).The solid line with circles represent the compressibility as 
retrieved from phase equilibrium data in the present study. The dashed lines show the 
compressibility of talc as experimentally determined by Vaidya and Kennedy, (1970) 
and Vaidya et af. (1973). Our retrieved compressibility (calculated by using 
L~lr29ita1c) = -5897 kJ/mol is in excellent agreement with measured data. However if 
M/o29italc) = -5900 kJ/mol (as suggested by Hemingway, 1991) be used, the resulting 
compressibility is outside the measured range (line with asterisks). Also shown is 
linear compressibility function used by Berman 1988 (line with solid squares). 

Fig. IV.8b: Thermal expansion of talc at 1 bar, 10 kbar and 30 kbar (open symbols) 
as retrieved in the present study. Also shown is the expansivity of talc as calculated 
by Berman (1988) (solid symbols). 
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with B88 and HP90 parameters (Fig. IV.8a). This is expected since in the optimization 

procedure of Berman (1988), and Holland and Powell (1990), the experimental data 

base included Holland's reversal at 28 kbar, thereby forcing the molar volume to be 

smaller than that obtained in our reversals. 

The regression procedure resulted in rejection of the a l term, indicating that a 

is not a function of T. In the absence of experimental data on the thermal expansion 

of talc, it is not possible to evaluate our retrieved a. However, it is in excellent 

agreement (Fig. IV.8b) with that optimized by Berman (1988), and Holland and Powell 

(1990). 

Since the equilibrium is sensitive to 1!JI°29S' the retrieved molar volume as 

f(P,T) is strongly dependent on the input value of 1!JI°29sCtalc). For example, the molar 

volume of talc as a function of P (at 298.15 K) calculated from the retrieved 

compressibility if 1!JI°29S(talc) = -5900 kJ/mol (Hemingway, 1991: 2.6 kJ/mol more 

negative than B88) is illustrated in Fig. IV.8a. Compared to the experimentally 

determined compressibility of talc by Vaidya and Kennedy (1970) and Vaidya et al. 

(1973), the resulting compressibility is too high. An unique set of enthalpy, entropy 

and molar volume as/(P,T) for talc, consistent with phase equilibrium data can only 

be constructed if 

i) the thermal expansivity of talc were experimentally determined or 
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ii) another talc-bearing equilibrium, in which the thermodynamic properties of 

participating phases other than talc are well characterized, is experimentally 

determined. 

The self consistency of our derived parameters with the experimental reversals 

involving both the a-quartz .. coesite and talc dehydration equilibria are verified 

through the following exercises: 

1. The equilibrium Talc + Kyanite = Pyrope + Coesite + Vapor has been 

determined through reversal experiments by Chopin (1986). Using literature values for 

thermodynamic properties of kyanite and pyrope (Berman, 1988) and our retrieved 

values for talc (Table IV.3) and coesite (Table IV.!), the calculated equilibrium 

boundary agrees within 5-10 °C with Chopin's experimentally determined equilibrium 

boundary. 

2. The calculated talc dehydration equilibrium: Talc = 3 Enstatite + Coesite + 

Vapor using the above parameters, (i.e for talc, we use the parameters as listed in 

Table IV.3) violates the 38 kbar, 800 °C reversal bracket in the coesite field if the 

literature values (e.g. B88, Table IV.2) for coesite enthalpy and entropy are used (Fig 

IV.9a). If however, the enthalpy and entropy values for coesite as retrieved from our 

experimental data and thermodynamic analyses (Table IV.1) are used, then the 

calculated equilibrium boundary (Fig. IV.9b) does not violate any of the reversal 

brackets. Also note that the invariant point at the intersection of TEQW and TECW, 



152 

Fig. IV.9a: The equilibrium boundary of the reaction Ta = 3 En + Qz/Coes + V as 
calculated using retrieved thermodynamic parameters (Table IV.3) for talc and 
literature values for coesite (Table IV.2). The predicted equilibrium boundary violates 
the 38 kbar, 800 °C reversal bracket. 

Fig. IV.9b: Same as in Fig. IV.9a except that the thermodynamic parameters for 
coesite are as retrieved in the present study (Table IV.l). Shown also are the Qz-Coes 
transitions as determined by Bohlen and Boettcher (1982) and the present work. 
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marking the quartz~coesite transformation, in Fig. IV.9a is at 28.15 kbar, 830 °e, 

exactly the same equilibrium P, T according to Bohlen and Boettcher (1982) reversals. 

The same invariant point is at 29.7 kbar, 830 °e (Fig. IV.9b) compared with 29.6 kbar 

830 °e as obtained by our a-quartz..-coesite reversals. Although the differences using 

the literature values and our optimized values for enthalpy and entropy (coesite) are 

small, the above example reinforces the internal consistency of our experimental phase 

equilibria and optimized thermodynamic data. 

Since the calculated compressibility using Hemingway's enthalpy value for talc 

are outside the experimentally determined compressibility range, and there is no 

expansivity data currently available, our preferred values of the thermodynamic 

parameters for talc are as listed in Table IV.3. 

ii) Natural Talc 

The stability field of natural talc determined from our phase eqUilibrium 

experiments is 10-15 °e higher than that for synthetic talc (Fig. I1L8) indicating an 

energetic difference between natural talc and its synthetic analog. Electron Microprobe 

Analyses of the natural talc sample used in the reversal experiments and the enstatite 

formed from the breakdown of talc showed them to be essentially pure Mg-end 

members, with Fe barely detectable. In the absence of measurable compositional 

differences between the synthetic and natural talc, the difference in their stability must 

therefore be due to differences in defect and/or dislocation densities. 
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It has been suggested (e.g. Helgeson et al., 1978; Hemingway et aI., 1991) that 

differences in defect and dislocation densities in otherwise similar natural and synthetic 

samples may contribute to significant differences in their thermodynamic properties. 

For simple ionic crystals, the standard Gibbs free energy of vacancy formation is 

typically 1-3 e.v'/vacancy (Holder and Granato, 1969; Lasaga, 1981). An ionic crystal 

with a representative molar volume of 10 J/bar (=100 cm3
) will therefore require 3-9 

kJ/mol to form 0.02 volume percent of lA vacancies (Helgeson et al., 1978). The 

effect of dislocations (line defects, edge-, screw- dislocations etc.) on the overall 

energetics of a crystal is even more pronounced. For example, the Gibbs free energy 

of formation of periclase is calculated to increase by as much as 47 kJ/mol for the 

formation of 1012 edge dislocations Icm2 (Helgeson et al., 1978), corresponding to -10% 

increase in the free energy of formation of intensely deformed periclase. Although 

approximate, these calculations indicate that there could be substantial contributions 

(tens of kJ) to crystal energetics due to point defects and dislocations, resulting in 

significant energetic differences between natural crystals and their synthetic analogues. 

However, the contributions from defects and dislocations act in opposition in natural 

and synthetic minerals: the latter should have a higher concentration of non-equilibrium 

defects since the short synthesis durations prevent annealing of the vacancies. 

Compared to natural minerals, those synthesized hydrothermally (without subsequent 

grinding/crushing) will have negligible dislocation densities due to the hydrostatic 
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nature (i.e. absence of directed stress) of the synthesis conditions. Since the above 

calculations indicate that I1Gf due to dislocations to be almost an order of magnitude 

more than that due to vacancy, it is possible that the net effect of defect and 

dislocation density would be increase in the I1Gf of the natural over it's synthetic 

counterpart. In the case of periclase for example, the above considerations indicate a 

net increase in I1Gf of approximately 40 kJ/mol. 

In the case of the talc dehydration reaction, the difference in the experimentally 

determined equilibrium temperature between the synthetic and natural talc is -10-15 DC, 

corresponding to 0.6 to 0.9 kJ/mol decrease in the enthalpy of formation of natural talc 

relative to the synthetic one. In an effort to quantify the enthalpy differences between 

natural and synthetic talc samples, Burnley, Navrotsky and Bose (1992) determined the 

heat of formation of the natural and synthetic talc samples used in the phase 

equilibrium studies. High temperature drop solution (molten lead borate) calorimetry 

yielded identical enthalpies of natural and synthetic talc samples within the limits of 

the uncertainty (-5 kJ/mol). Using previously reported solution enthalpies for quartz, 

peric1ase and brucite, the heat of formation from the elements at 295 K for talc was 

determined to be -5895 (± 5) kJ/mol. 

The equilibrium boundary calculated using the volumetric parameters listed in 

Table IV.3 and a Mr29italc)= -5898.5 kJ/mol (- 1 kJ/mol more negative than that used 
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Fig. IV.tO: Comparison of stability fields of synthetic and natural talc. The 10-15 °C 
higher stability of natural talc, compared to its synthetic analog can be accounted by 
a ~ 1 kJ/mol more negative enthalpy of formation of the natural talc. 
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for synthetic talc) reproduce well the experimental reversals using natural talc as 

starting material (Fig. IV.lO ) 

The above calculation indicates that there is negligible Gibbs' free energy 

difference « 0.01 %) between synthetic and natural talc; the slightly smaller stability 

field of synthetic talc probably indicating a slightly higher defect density in the 

synthetic sample compared to the natural one. At the same time, it demonstrates that 

even such minor energetic differences can be detected, and in some cases be quantified 

through carefully conducted phase equilibrium studies in a well calibrated high

pressure apparatus. TEM studies, characterizing and quantifying the defect/dislocation 

densities of the natural and synthetic talc will allow determination of the free energy 

of defect/dislocation formation of talc. 

The next chapter discusses the geological applications of the newly determined 

stability of talc. 
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CHAPTER V 

Geological Applications 

The results of experimental and thermodynamic investigations of the talc 

dehydration equilibrium place important constraints on the geochemical and 

geophysical processes in continental collision zones and subducting oceanic crusts in 

the upper mantle. The shift of the temperature maxima of the talc dehydration reaction 

from -10 kbar, 800 DC (as calculated from existing databases) to -30 kbar, 835 DC 

(present study) and the more than 150 DC increase in the stability field of talc at P > 

30 kbar (compared to that predicted by Berman, 1988, for example) requires revision 

of existing petrogenetic grids for high pressure metamorphic facies involving talc. 

Water liberated from dehydration of talc in the subducting oceanic lithosphere may be 

responsible for accelerating phase transformations in the upper mantle in the proximity 

of the subducting slab and may also be the source of the hydroxyl component of high

temperature, high-pressure hydrous magnesium silicate phases which are considered 

to be the major carriers of water in the deep upper mantle. The thermodynamic 

consequences of (talc-) dehydration in a subducting oceanic lithosphere and its possible 

implications for earthquake generation and perturbations to the local geotherms as a 
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consequence of the enthalpic and volumetric changes associated with the dehydration 

reaction are addressed in this chapter. 

Dehydration Consequences in Subducting Oceanic Crust 

The state conditions at which dehydration reactions occur in subducting oceanic 

crust are crucial for modelling and understanding petrologic, tectonic and seismic 

processes in the mantle. Models proposed to explain the observed volcanic activity in 

subduction zones (island arcs), require the presence of water to lower solidus 

temperature (fluxing by water), regardless of whether the source region of subduction 

zone volcanics is considered to be the eclogitic/basaltic subducting slab or the 

peridotitic mantle wedge. Release of water through dehydration reactions may 

contribute to formation of shallow to deep focus seismicity. Finally, the stability of 

hydrous minerals to considerable depths within the upper mantle has led to the 

consideration of a "wet" mantle. Since water decreases magma density and viscosity 

and thereby enhances magma migration as well as extending the compositional ranges 

of igneous rocks, understanding the distribution and extent of the volatile budget in the 

mantle will contribute to our understanding of mantle processes. 

In order to quantify and discuss the implications of dehydration reactions in the 

subducting oceanic lithosphere, it is necessary to know the distribution of temperature 

with depth in a down-going slab and the adjacent mantle wedge. Numerous, and often 
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conflicting models of the thermal structure of subduction zones have been presented 

over the past two decades (see Peacock, 1989; 1990; Davies and Stevenson, 1992 for 

reviews). We briefly review some of the available thermal models in order to gain a 

perspective of the P-T reference frame of dehydration reactions in a subducting slab. 

Thermal Models of Subduction Zones 

Differences among proposed thermal models in subduction zones arise primarily 

from the assumptions made regarding how the system behaves (the weight given to 

various modes of heat transfer: advection, convection, conduction; slab-mantle wedge 

interaction; viscous coupling), and the extent to which they provide for frictional 

heating, radiogenic heating, phase changes, age of slab, rate and angle of decent, 

thickness of plate etc. 

With the exception of the model proposed by Andrews and Sleep (1974), the 

earlier thermal models (eg. Oxburgh and Turcotte, 1970; Toksoz et al., 1971; Hasebe 

et al., 1970) result in temperatures in excess of 850°C (at 100 km depth) at the top 

of the subducted slab (Fig. V.1). The source of subduction zone volcanism was 

believed to be due to melting of the subducted slab at depths of around 100 km and 

in order to generate the high temperatures required for slab melting, it was necessary 

to incorporate significant component from frictional heating. This required high shear 

stresses, of the order of several hundred megapascals. Incorporation of such high shear 
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Fig. V.I: Temperature distribution in the leading edge of a subducting crust, computed 
from various thermal models (see text). 
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stresses resulted in unrealistically high computed heat flow values in the shallow 

region of back-arc basins. This was compensated for by postulating that endothermic 

dehydration reactions absorb large quantities of heat in the upper 75-100 km of the 

underthrusting zone. Subsequent work (e.g. Yuen and Schubert, 1979) has shown that 

such high values of shear stress are unlikely, and are an order of magnitude more than 

currently accepted values of less than 20 megapascals (e.g. Beukel and Wortel, 1987; 

Bird, 1978). 

The thermal model of a 'generic' subduction zone proposed by Davies and 

Stevenson (1992) merits discussion. In this model, the subducting slab is considered 

to be dragging the mantle down at its sides. The mantle below the overriding 

lithosphere is required by continuity to approach the wedge corner in order to replace 

the material dragged down. The subducting slab therefore induces a regional flow, 

essentially perpendicular to the slab at the base of the overriding lithosphere before it 

turns over at the apex of the wedge comer to become parallel to the slab (Fig. V.2). 

The temperature at the interface (between the slab and the mantle) remains virtually 

constant at the mean temperature of the two bodies. This is the basic framework of the 

model, on which the contributions from other heat sources such as radioactivity in the 

mantIe wedge, conduction, mantle convection, frictional heating, heat changes due to 

melting and hydration-dehydration reactions etc. are superimposed (Fig. V.2). 
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Fig. V.2a: Thermal field of a 60° dipping slab with 7.2 cm/year subduction velocity 
illustrating the velocity (arrows) distribution in a subduction regime (see text). The 
heavy contour corresponds to 800°C. From Davies and Stevenson, 1991. 
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The most important conclusion regarding the thermal structure in the subducting 

slab and the mantle wedge that emerges from Davies and Stevenson's (1992) finite 

element numerical modelling is that the thermal field of the mantle wedge is 

dominated by advection of heat by induced flow while the thermal field of the slab 

(our region of interest) is dominated by downward advection of the isotherms present 

in the oceanic crust just before subduction. Since the flow is laminar and parallel to 

the slab (below the apex of the wedge comer) the temperatures in the slab mantle 

interface and in the slab itself will be essentially controlled by the temperature of the 

isotherm (the 'critical isotherm') immediately adjacent to the slab surface. 

Estimates of the critical isotherm (i.e. temperature of the oceanic lithosphere 

at the base of the subducting slab just before subduction) range from 700°C (Wiens 

and Stein, 1983) to ~ 800°C (Bergman and Solomon, 1984). If the upper limit of 800 

°C for the critical isotherm be used, then the temperature distribution of a 40 km thick, 

'old' slab ( > 30 Ma) with a 60° dip as a function of subduction rate are as shown in 

Fig. V.3 (Fig. 5 of Davies and Stevenson, 1992). Note that the temperatures in the slab 

do not exceed 800°C even for the slowest plate velocity of 1.8 cm/yr reinforcing the 

observation that the slab temperatures are essentiaIly controlled by the temperature of 

the critical isotherm, with contributions from friction, radiogenic heat production etc. 

being minimal. 
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Fig. V.3: Temperature distribution in a subduction regime as computed from the finite 
element numerical model of Davies and Stevenson, 1991, illustrating the thermal field 
as a function of different subduction rates. (From Davies and Stevenson, 1991). 
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The results of numerical modelling of Davies and Stevenson can be obtained 

through an analytical solution (the analytical solution was a personal communication 

from A. Howard and B. Hager in Appendix A.2 of Davies and Stevenson 1992) as 

follows: 

1. Slab descending at a constant velocity Vy 

2. The x-axis is perpendicular to the slab and positive into the slab!, and the y

axis is parallel to and positive down the slab, with the origin at the point where slab 

enters the asthenosphere. 

3. The flow is parallel and equal to the velocity of slab vy. 

4. Temperature gradient is assumed to be much stronger perpendicular to the 

slab than parallel to it, so that the heat flux down the slab (i.e. along the y-axis) is 

negligible compared to that normal to the slab. 

The steady state thermal regime is thus: 

vyaT/(Jy = K.&T/ax 2 (V.I) 

where K is the thermal diffusivity. With the initial conditions (y=O) that: 

1. the temperature at the base of the slab is constant at T/, (the critical isotherm); 

and 2. the temperature gradient is constant across the slab from T = To for the upper 

face of the slab to T = T/ at the lower surface (thickness h,) the solution to the above 

equation is: 

!The x-axis is /lot positive out into the wedge as stated by (Davies and Stevenson, 1992) 
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T=T 1 
+ (T - T ~ x[ (x-h) [e1:f{a) -e1:f{b)] -a [e -b

2 

- e -a
2

] 1 (V.2) 
1 2h hfi 

where 

a = - x/a; b = - (x - h)/a; a = V(4KY)/V ; 

T1 is the temperature of the critical isotherm (= mantle T at the base of the slab); To 

is the temperature of the upper surface of the slab as it enters the asthenosphere, and 

It is the thickness of the slab. 

We calculate the temperature of the critical isotherm as follows: 

The heat flux J, across the oceanic lithosphere of thickness h, before initiation 

of subduction is: 

or, 

J = K dT 
dh 

T - T, = J I1h 
10 K 

(V.3a) 

(V.3b) 

where To is the temperature at h = 0 i.e. slab upper surface before subduction, (= 4°C; 

ambient ocean-bottom temperature), TJ is the temperature of the critical isotherm at h 

(before subduction), and K is the thermal conductivity of the slab material. K is related 
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to thermal diffusivity !C by K = !Cpe where p is the density and e is the specific heat 

of the material (c.f. Turcotte and Schubert, 1982, eqn. 4-69). Using !C = 10'6 m2 
S'I, p 

= 2950 kg m,3 and e = 136 kJ kg"1 KI (commonly accepted values in the literature, 

e.g. Turcotte and Schubert, 1982; Peacock, 1987; Davies and Stevenson, 1992 etc.), 

we obtain K = 4 W m'l KI, a reasonable thermal conductivity. Fig. V.4 illustrates the 

difference in temperatures between the slab base (T,) and upper surface (To) as a 

function of slab thickness for heat flux values between 41.84 mWm·2 (1 HFU) and 

167.3 mWm·2 (4 HFU) as calculated from eqn. V.3. 

Heat flow measurements (see for example, compilation by Watanabe et al., 

1981) indicate that older (> 50 my) island arc systems have heat flow values typically 

40 to 60 mWm·2 (1-1.5 HFU) whereas higher heat flows of 80 to 120 mWm·2 (2-3 

HFU) are associated with younger (hence thinner) subducting slabs. It can be seen 

from Fig. V.4 that for a slab thickness of 40 km, it is not possible to maintain a 

temperature differential in excess of 800 °e between the top and bottom surfaces of 

the slab for heat flow values of < 80 mWm·2 (2 HFU). Similarly, for younger and 

thinner slabs, even an extremely high heat flow of 168 mWm·2 (4 HFU) will not 

permit more than 800 °e temperature differential for slab thicknesses less than 20 km. 

If To is constrained to be 4 °e, then the above calculation and discussion imply that 

for reasonable heat flow parameters, the upper limit of the critical isotherm is 804°C. 
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Fig. V.4: Illustrating the difference in temperature between the top and bottom surface 
of a conductive slab, as function of slab thickness and heat flow (between 41.84 
mWm-2 and 167.3 mWm-2

) computed from eqn. V.3 at 20.92 mWm-2 (=0.5 HFU) 
intervals. 
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It may be argued that constraining To = 4 °C is unreasonable since there could 

be a contribution arising from friction at the shear zone and the temperature at the slab 

upper surface could be significantly higher than the ambient ocean water temperature, 

therefore resulting in higher temperatures at the bottom surface for the same heat flow. 

Although estimates of the shear stress at slab interface varies, it is not likely to exceed 

20 MPa, (eg. Peacock, 1987 suggests 8-6 MPa) and could be considerably less since 

the water in the wet sedimentary layer will act as lubricant. The temperature increase 

due to frictional heating can be as: (Eqn. 4-226; Turcotte and Schubert, 1982) 

Il.T = 2'&'( levy )1/2 
K IIcos<I> 

(V.4) 

where t is the shear stress on the upper surface of the subducting slab approaching the 

trench with a velocity v at an angle <I> to the normal to the trench and the other 

symbols as defined for eqns. V.2-3. Replacing y by Z cosec e, where Z is the thickness 

of the overriding lithosphere and e is the angle of descent of the slab, with I( = 10.6 

m2 
S·I, K = 4 W mol Kl, v = 7 cm/year, Z = 40 km, <I> = 0°, we obtain the temperature 

increase on the upper surface of slab due to friction as a function of t and e (Fig. 

V.5). For a 60° dipping slab, the temperature increases by - 15°C for each 5 MPa 

increase in mean shear stress (t) on the upper surface of the subducting slab. Even for 

a low dipping slab (30°), the temperature rise due to friction is only - 20°C for each 

5 MPa increase in t. 
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Fig. V.S: Increase in temperature due to shear (frictional) heating as function of mean 
shear stress between 5 and 25 MPa, and subduction angle. Computed from eqn. VA. 
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Fig. V.6a illustrates the leading edge temperature profiles to 400 km depth 

computed from eqn. V.2 with (solid lines) and without frictional heating (dashed lines) 

for two end-member scenarios: 

1. "young" subducting oceanic lithosphere: < 50 my, 20 km slab thickness, high 

heat flow regime: 146.44 mWm'2 (3.5 HFU) and 

2. "old" subducting oceanic lithosphere: > 50 my, 40 km slab thickness, 

average heat flow regime: 62.76 mWm'2 (1.5 HFU) 

with the following parameters: e = 60°, v = 7 em/year, J( = 1 X 10,6 m2 S·I. TI and To 

were calculated in each instance from eqn. V.3 (Fig. V.4) and eqn. V.4 (Fig. V.5) with 

't = 0 or 20 MPa. 

Decreasing the subduction velocity by half to 3.5 cm/year has the following 

effect (Fig. V.6b): for the zero friction scenario, the temperature on the leading edge 

increases by a maximum of -50°C at 400 km for the 'older slab', and a 15°C increase 

for the younger slab. The temperature change due to slower velocity is even less for 

the leading edge profiles calculated with provision for frictional heating: the 

temperature increase is 30 °C for the 'older' slab and 3 °C for the younger slab. While 

lowering the velocity heats the slab up, the frictional heat generation is 

correspondingly less. 
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Fig. V.6a: Leading edge temperature profiles to 400 km depth computed from eqn. 
V.2 with (solid lines) and without frictional heating (dashed lines) for a high and a low 
heat flow regime. Subduction velocity is 7 em/year. 

Fig. V.6b: Same as in Fig. V.6a but with subduction velocity of 3.5 em/year. 
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The equilibrium boundary of the dehydration reaction Talc = 3 Opx + Si02 + 

H20 intersects the computed leading edge of the descending plate at P between 52 (~ 

== 175 km) and 75 kbar (- == 250 km) depending on the chosen thermal regime (Figs. 

V.7a and b). Also shown is the shift in the calculated equilibrium boundary of the 

above reaction, for the effect of dilution of the vapor phase by 30 % CO2, computed 

using the modified Redlich-Kwong EOS for H20-C02 of Kerrick and Jacobs, (1981) 

up to 30 kbar, and the molecular-dynamic simulation of EOS of fluid mixtures of 

Belonoshko et al. (1992) for Pto~11 > 30 kbar. These computed depths of talc

dehydration are significantly higher (by a factor of 2 to 3) than previous estimates. For 

example, Anderson et al. (1976) showed, based on then available geophysical and 

petrological constraints, that a subducting plate containing hydrous phases such as talc, 

serpentine, chlorite etc. completely dehydrates (or partially melts) at depths of less than 

80 km. The thermodynamic calculations of Delany and Helgeson (1978) indicate depth 

of 80 km for talc dehydration. This view has been reiterated as recently as 1989 by 

Ahrens (1989). This is due to the smaller calculated field of stability of talc due to 

discrepancies in its thermo-physical properties (as discussed in the previous chapter) 

and to the higher computed temperatures on the leading edge of the subducting slab. 

Undoubtedly, hydrous minerals as amphibole, serpentine, chlorite etc. will dehydrate 

at shallower levels in a subducting oceanic crust and could well be the major source 

for volatiles necessary to lower the melting.temperature of the peridotitic mantle wedge 
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Fig. V.7: Calculated temperature/pressure/depth distribution of the talc dehydration 
reaction: Ta = 3 En + Qz/Coes + V and thermal profiles in a subduction zone. (a) 
Thermal regimes as in Fig. V.6a; subduction velocity=7 em/year. (b) Thermal regimes 
as in Fig. V.6b; subduction velocity=3.5 em/year. 



184 

140~------------------------------450 

63mWm -2 146.5mWm-2 

120 (1.5 HFU) (3.5 HFU) 400 

100 

CL 60 

40 

I 
v =7 cm/yr I 

I 
I 

I 

, , , 
I 
I 

- J I 
XH~=O. 7 _ I... - - _ I 
Xc~=O.3-JV' I - -:: - -, 1 

I '- "7 ... o I a 'r, ... 
~ I f7 I --~ 

I I.. ~ 

C) I ~\) " " To II I I{" 
20 I..,,~ ....... '],Q 

- _... I{~ 

OPx 
Coes 
Vapor 

~OO 400 500 600 700 800 
T (OC) 

350 

..c 
200 a.. 

aJ 

150 0 

100 

140~-----------------------------450 

63mWm -2 146.5mWm-2 

120 (1.5 HFU) (3.5 HFU) 

100 v =3.5 cm/yr 
I , 
I 
I ' 

CL 60 

40 

20 

I ' 
I ' , 

_... 1 
- -I , 

XH;aO=O.7 "'~ ... .,. :: _ I 
Xco..=O.3,.", I ............... I ,...... ... ... 

() I ~ ' ... , .... 

~ ~I II 1 
,...... ~ I.. ~Q ~ I 
;V ~ I{" 
// " ... 
~" --.::;-,,::; .... ==:-..-....... ~~ 

OPx 
Coes 
Vapor 

~oo 400 700 800 

..c 
200 a.. 

aJ 

150 0 

100 

90~ 



185 

for arc magma generation. However, the persistence of talc to depths of - 200-250 km 

in a subduction environment as demonstrated here, requires evaluation of the 

petrological and geophysical consequences of a deeper dehydration event. 

The 220-km Discolltinuity 

Over the past 30 years, there has been reported evidence for a discontinuity or 

high-gradient region between 190 and 240 km (e.g. Anderson, 1989; Shearer, 1991; 

Wald and Heaton, 1991 etc.) from body-wave data. The nature and cause of the 

seismic reflector, has been a source of continuing debate since the discontinuity was 

first reported by Lehmann (1959i. As noted by Anderson (1989), the 220-km 

discontinuity is enigmatic - it is difficult to observe with surface-focus events and is 

apparently not of a global distribution. Definitive occurrences of this reflector are 

almost invariably "confined to a small area around subduction zones" (Vidale and 

Benz, 1992). Proposed explanations for the 220-km discontinuity have included a 

composition change between garnet lherzolite and eclogite (Anderson, 1979; Anderson 

and Bass, 1984), existence of an anisotropic layer caused by preferred alignment of 

olivine crystals, (Leven et al., 1981), and a lower limit to partial melting corresponding 

to the base of low-velocity zone (Vidale and Benz, 1992). It is intriguing to consider 

the implication of the coincidence of the 220-km discontinuity which is invariably 

2This 220-km discontinuity is confusingly referred to as the Lehmann discontinuity, as is the 
outer-inner core boundary. 
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associated with subduction zones and the depth (200-250 km) of talc stability in a 

subducting oceanic lithosphere as determined in the present study. 

Karato and Wu (1992) experimentally demonstrated that dislocation creep in 

olivine results in development of anisotropic structure, whereas diffusion creep does 

not. Based on laboratory results and available model geotherms, they showed that the 

transition from the anisotropic (dislocation creep) regime to the isotropic (diffusion 

creep) regime in the mantle takes place around 220 km and will cause an increase in 

velocities of vertically travelling seismic waves. Further, the depth of this transition 

is sensitive to (among other factors) water content and will vary with tectonic setting. 

Since presence of water enhances diffusion creep, it is possible that this event is 

catalyzed by water liberated from talc dehydration at these depths. 

Talc -7 loA Phase 

In the course of performing the phase equilibrium experiments for the talc 

dehydration reaction, we encountered the occurrence of the lOA phase, at 40 kbar, 820 

DC. In addition to the lOA phase, the run product contained minor coesite and 

orthopyroxene, but no talc. 

First reported by Sclar et al. (1965a, 1965b), lOA phase was considered to have 

a structure similar to talc, but with a basal spacing of 9.96 A, and 12-coordinated H20 

molecules located in the interlayer cavities (Bauer and Sclar, 1985). The maximum 
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stability temperature of this phase was considered, from synthesis experiments to be 

535°C, which was later extended, again based on synthesis experiments, to 725 °C by 

Yamamoto and Akimoto (1977). Although our experimental results are unreversed, this 

is the first reported occurrence of the stability of the lOA phase to temperatures> 800 

°C, (at 40 kbar). 

The vapor conserved reaction: Talc~ Enstatite + Si02 + lOA phase can be 

represented by : 

4Mg3Si40 lO(OH)2 = 6MgSi03+2Si02+Mg6Sis022(OH)iH30)2 

or 

2Mg3Si40 lO(OH)2 = 3MgSi03+Si02+Mg3Si401O(OHMH20) 

depending on whether the structure contains "water"or hydronium groups. As pointed 

out by Prewitt and Finger (1992) "it is unusual that the structure of a phase that has 

aroused so much interest has not been solved in the 25 years since it was first 

synthesized". In the absence of thermodynamic data or reversal experiments for this 

phase, it is not possible to construct a phase diagram for reactions involving the lOA 

phase. We therefore schematically illustrate (Fig. V .8) a possible topology of reactions, 

constructed according to Schreinemaker's rule, involving lOA phase, talc, enstatite, 

coesite and vapor in the MgO-H20-Si02 system. Fig. V.8 shows that the transformation 

of talc to the lOA phase implies persistence of a hydrous magnesium silicate to depths 

beyond 200-250 km and could very well be the pathway for subsequent reactions to 
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Fig, V,8: A pennissible topology of phases talc, coesite, enstatite, lOA phase and 
vapor in the system MgO-Si02-H20. 
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higher-pressure, higher- temperature phases such as hydrous phase B (Finger et ai, 

1989). 

Current hypotheses regarding the formation of the Earth's oceans and the 

atmosphere favor an early and protracted degassing of volatiles from the Earth's 

interior (eg. Rubey, 1951; Finger et al. 1992; Bell, 1992 etc.). However, as the above 

discussions indicate, there could be substantial introduction of water to the deep upper 

mantle via subduction of a hydrated oceanic crust implying recirculation of water from 

the oceans back into the deep interior of Earth. This has also been emphasized in a 

recent article by Meade and Jeanloz (1991). 

Dehydration Enthalpy, Volume Change and Deep Focus Earthquakes 

The endothermic nature of dehydration reactions has led to the suggestion that 

dehydration of a subducting oceanic crust will act as a major heat sink, causing 

substantial perturbation to the ambient geotherms (Anderson et al., 1976; Hasebe et al. 

1970) and may result in the persistence of hydrous phases such as talc and chrysotile 

to depths greater than those corresponding to their equilibrium dehydration 

temperatures (Delany and Helgeson, 1978). 

The enthalpy change associated with the dehydration of talc at the pressures 

and temperatures of the intersection of the univariant curve with the leading edge of 

the subducting oceanic slab (Fig. 7a) is between 106 kJ/mol and 108 kJ/mol depending 
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on which thennal regime is chosen. Since the molar volume of talc at these conditions 

is ~ 12.8 J/bar, this translates to -837 J/cc or 200 cal/cc of heat required for dehydration 

of talc. We assume that the amount of talc can be as much as 1/20 of the descending 

slab i.e. an equivalent thickness of 2 km in the 40 km descending slab3. Accordingly, 

a column of descending material (40 km thick) of unit cross section would require 

2*105*200 = 4 E+7 cal/cm2 of heat for the dehydration of talc. Even for a low heat 

flow of 1 HFU (=1E-6 cal/cm2 'sec), this corresponds to -1.3 m.y, indicating that there 

would be a relatively short term perturbation of the ambient geotherm and there would 

be 110 metastable persistence of talc beyond 1.3 m.y. once the equilibrium dehydration 

pressure, temperature conditions are exceeded. 

The mechanical origin of deep-focus earthquakes is not well understood since 

they occur at depths where high temperatures and pressures should promote ductile 

deformation and prohibit brittle fracture or frictional sliding on fault surfaces. Research 

on this problem has emphasized the possibility that phase transitions (melting, solid-

solid transitions) may be a source of deep seismicity (Meade and Jeanloz, 1991). The 

3-5% volume change accompanying dehydration reactions in the subduction 

3Estimates of amount of hydrous minerals present in the leading edge of a subducting slab 
range from 20 to 40% (e.g. Anderson et al., 1976; Hasebe et al., 1970; Meade and Jeanloz, 
1991). In addition, magnetotelluric measurements have identified a water-rich layer to depths of 
75-100 km, indicating that hydrothennal alteration could proceed as the lithosphere subducts into 
the mantle (Meade and Jeanloz, 1991). Isotope studies on subduction zone-derived metamorphic 
rocks (Bebout, 1991) support the view that the leading edge of a subducting lithosphere is indeed 
hydrated. 
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environment has been considered as one of the sources of deep-focus earthquakes in 

the mantle, proximal to the subducting slab (e.g. Raleigh and Patterson, 1965). 

Recently, Meade and Jeanloz (1991) have experimentally documented 

significant acoustic emissions upon the dehydration of serpentine at state conditions 

well within the ductile regime. At lower temperatures, and higher pressures than those 

at which acoustic emissions associated with dehydration were recorded, Meade and 

Jeanloz also observed acoustic emissions coincident with amorphization (Le. loss of 

crystal structure of serpentine). They have performed initial experiments on talc and 

pyrophyllite, which showed similar behavior as the serpentine. 

It is therefore plausible that the dehydration of talc (and related hydrous 

minerals) between 200 and 250 km depths in a subducting slab, and pressure induced 

amorphization of talc within the subducting slab may cause the acoustic emissions, 

which according to Meade and Jeanloz (1991) are of sufficient intensity to produce 

seismic energy at pressures and temperatures well above the brittle-ductile transition. 

Subduction of Continental Crust 

Talc becomes a significant phase in the high pressure (eclogite facies) 

metamorphism of alumina-rich rocks at medium to high pressures, primarily due to 

breakdown of biotite and chlorite (Schreyer, 1988; Evans and Guggenheim, 1988). One 

of the critical parageneses occurring in quartz-bearing rocks is the pair talc + kyanite 
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which breaks down to pyrope + coesite + vapor at P > 30 kbar, T > 750°C, The 

association of talc with kyanite has been widely reported e.g.- high-grade pelitic blue

schists in the Western Alps (Chopin, 1984, 1987, 1991; Chopin and Monie, 1984), 

whiteschists in Yugoslavia, (Schreyer, 1985), the Kokchatev gneissic complex in North 

Kazakhstan (Dobretsov, 1991) and elsewhere after Abraham and Schreyer (1976) first 

reported this assemblage. 

Chopin (1984) described a rather spectacular assemblage of talc + kyanite 

coexisting with very large crystals of pyrope (up to 6" in diameter) and coesite/qumtz 

from the Dora Maira Massif of the Western Alps. This occurs over an area of at least 

5 X 10 km2 as a "polymetamorphic" unit within a sequence of regionally 

metamorphosed sediments and igneous rocks. The extent of this layer and the geology 

of the area conclusively argue against these being mantIe-derived xenoliths (Chopin 

1987, 1991; Schreyer, 1988b) and suggest the protolith to be essentially pelitic. 

The equilibrium boundary of the reaction talc + kyanite = pyrope + coesite + 

vapor has been calculated using the new thermodynamic data of talc and coesite 

obtained in the present investigation. The thennodynamic data for pyrope and kyanite 

are from Bennan (1988). Fig. V.9 shows that the assemblage pyrope + coesite 

becomes stable at PH20 > 30 kbar. Assuming an unifonn rock density of 2.8 gm/cc, this 

translates to a depth of -100 km implying that this assemblage was metamorphosed 

under upper mantle conditions. This is at variance with the commonly accepted notion 
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Fig. V.9: Equilibrium boundary of the reaction: talc + kyanite = pyrope + coesite + 
vapor as calculated from the retrieved thermodynamic properties of coesite and talc of 
this study and literature values for the other phases. 
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that the comparatively buoyant continental crust (or fragments of it) cannot be buried 

to depths exceeding - 60 km, which is the lower limit of the roots of young orogenic 

belts. Although there is evidence of continental underthrusting over considerable 

distances (100 to 500 km) in several regions (eg. Himalaya: Seeber and Armbuster, 

1984; Timor: Hamilton 1979), the depth of burial did not exceed - 60 km due to low 

dip of the underthrusted plate. 

However, Molnar and Gray (1979) have estimated from theoretical 

considerations that it is possible to subduct peninsulas or microcontinents to depths 

greater than 100 km and this has been supported by the geophysical observations of 

Roecker (1982) indicating that the continental lithosphere in the Pamirs extends to 

depths of at least 150 km. In the light of the field relations and phase equilibria 

evidence for the Dora Maira assemblages, it therefore appears that the problem is not 

one of subducting continental crust to depths approaching or exceeding 100 km, but 

of a mechanism capable of bringing it back to the surface without major temperature 

increase (Chopin, 1987). A temperature increase of 50 to 100°C (depending on Plata) 

would cause breakdown of talc to orthopyroxene and coesite (or quartz) -- an 

assemblage conspicuously absent in the Dora Maira. Moreover, the rate of uplift must 

have been rapid enough at least to temperatures of 400-500 °C to preserve the high

pressure, moderately high temperature signature of the talc-kyanite-coesite-pyrope 

assemblage to prevent retrograde readjustments. 
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