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ABSTRACT 

The thermodynamic and the kinctics of the Fe-Mg order-disorder process in 

orthopyroxene were studied by means of thermal anneahng experimenents at fix fOa 

condition, and single crystal X-raydiffraction to determine the site occupancies. The 

behavior of Mn on the equilibrium fractionation of Fe-Mg was studied by a series of 

annealing experiments using a naturally occurring Mn-rich orthopyroxene (donpeacorite). 

It was shown that, although Mn and Fe preferentially order to the M2 site relative to Mg, 

Mn has a significantly stronger M2 site preference than Fe. This result implies that when 

computing the site fractionation for Fe-Mg in Fe-rich Mn-poor orthopyroxene, the small 

amount of Mn present in the structure should always be totally ordered in the M2 site. 

The kinetics of the order-disorder reaction was studied as a function of 

temperature, composition, and fDa- The results arc compatible with the theoretical 

predicted variation of the rate constant as The temperature and compositional 

dependence of the disordering rate constant, K^ , can be expressed as 

16470 
In KL,. = --^min"' + 29.03 + 4.162XFe Ord 

where XFe is the Fe molar fraction of the sample. 

The thermodynamic and kinetics data of Fe-Mg order-disorder in orthopyroxene 

permit retirval of cooling rates natural orthopyroxene crystals from their quenched 

ordering states around the closure temperature (Tc) of ordering. Thus, I have applied the 

data to Central Gneiss Complex, British Columbia, and to a diogenite-meteorite which is 

believed to have originated on Vesta, to constrain their cooling rates. For the Central 
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Gneiss Complex the cooling rate was found to be ~10-15°C/My at Tc ~290°C. This 

cooling rate is in excellent agreement with that constrained by geochronological data, and 

implies an exhumation velocity of ~0.2mm/y. 

The thermal history inferred for the diogenite meteorite GR095555 suggests that 

the sample underwent very fast cooling at two different rates: a faster cooling at 

~400"C/year as retrieved from modeling of the compositional zoning the orthopyroxcne-

spinel couple, followed by a slower cooling at ~5°C/1000y as obtained from the modeling 

of the observed quenched state in the orthopyroxene. The implication of these rapid but 

constraining cooling rates on the excavation and burial of the sample in its parent body 

has been discussed. 
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CHAPTER 1: INTRODUCTION 

Order/Disorder (O/D) reactions are solid-state reactions that involve the 

redistribution of cations between different crystallographic sites in response to changing 

state conditions of the system such as temperature (T), composition (X) and, for 

multivalence cation-bearing minerals, oxygen fugacity (f02). Because exchange takes 

place within a crystal lattice these reactions are also known as intracrystalline exchange 

reactions. O/D reactions were first studied in alloys by Bragg and Williams (1934) and 

subsequently by a number of workers (Shockley 1938; Dienes, 1955; etc.). Beginning 

primarily with the works of Ghose (1960, 1965), the O/D reaction was later investigated 

in minerals when Mueller (1967, 1969) recognized the potential of these reactions as a 

recorder of the Temperaturc-time (T-t) history of the rocks and developed a kinetic 

formulation within the framework of absolute reaction rate theory. 

Orthopyroxenes are among the most useful minerals that undergo O/D reactions; 

these silicates are structurally and chemically simple compared to other groups of 

minerals, (e.g. amphiboles), and are widely distributed as a major phase in many igneous, 

volcanic and metamorphic rocks in terrestrial and planetary environments. These 

qualities make O/D reactions in orthopyroxene an attractive problem to study, as the 

results should have wide-range applications in both terrestrial and planetary problems. 

In orthopyroxene, Fe""^ (indicated henceforth as Fe) and Mg fractionate between 

two non-equivalent octahedral sites. Ml and M2, with the larger Fe preferring the larger 

M2 site (Ghose 1965). Mueller (1967, 1969) formulated a kinetic theory that treated the 



fractionation of these cations over the two non-equivalent sites as a homogeneous 

exchange reaction: 

Fe{Ml) + Mg{Ml) ^ Fe{Ml) + Mg{M2), (1) 

where K" and K" are the specific rate constants for the forward and backward reaction, 

respectively. The left hand term of reaction (1) represents the ordered state of the crystal 

because the cations fractionate to their preferred sites, while the right hand term represent 

the antiordered state. In between the two extremes there exists a continuous array of 

intermediate configurations whose value depend on the T-t evolution of the system, its 

composition and f02 via the thermodynamic and kinetic properties of the reaction, in 

particular, for increasing temperatures the reaction moves to the right giving rise to more 

disordered distributions while in a cooling system the opposite is true. 

Figure 1.1, which is modified from Ganguly (1982), shows how thermodynamic 

and kinetic laws along with the cooling rale of the rock that control the fractionation of 

Fe-Mg in orthopwoxene. 

Initially, for high temperatures, the kinetics of the homogeneous reaction arc 

sufficient to keep up with the cooling of the rock and to maintain the distribution on an 

evolving equilibrium value (Figure 1.1). As T drops, kinetics slow down and fails to 

maintain the equilibrium distribution even though the reaclion still proceeds. The value of 

XFe(M2) diverges from the equilibrium path and evolves on a kinetically controlled path 

(curved path). As the temperature continues to decrease, the reaction kinetics eventually 



becomes so sluggish that the site occupancies no longer change significantly, and thus an 

ordered state becomes quenched. The projection of the quenched site occupancy on the 

equilibrium path defines the Closure Temperature (Tc) for the reaction, while the 

temperature below which the site occupancies are frozen is defined as Quenching 

Temperature (TQ). Thus, TCD is the temperature of apparent equilibrium of the quenched 

site occupancy. The observed ordering state in an orthopyroxene (full circle, Figure 1.1) 

can be measured by X-ray diffi-action (XRD) or Mossbauer Spectroscopy and provides a 

means to determine the cooling rate of the host rock once the energetic properties of the 

ordering reaction are characterized. 

STATEMENT OF PROBLEM 

Using Mueller's theory (Mueller 1967, 1969) Ganguly (1982) developed the 

numerical method of recovering the cooling histories of orthopyroxene and other types of 

crystals irom the data on their quenched Fe-Mg ordering state in natural assemblages. 

Since then, a number of papers have been published that applied this method to retrieve 

the cooling rates of orthopyroxenes in both terrestrial and planetary samples (e.g. Anovitz 

et al. 1988; Molin et al. 1991; Skogby 1992; Ganguly and Domeneghetti 1996; Kroll et 

al. 1997; Zema et al. 1997; Heinemann et al. 2000; Ganguly and Stimpfl 2000). However, 

the accuracy of the results rests on a full understanding of the physical/chemical laws that 

define the 0/D reaction. Even though many facets of the thermodynamics and kinetics of 

the O/D reaction in orthopyro.xenes have been subject of previous studies (Besancon 

1981; Anovitz et al. 1988; Molin et al. 1991; Ganguly and Tazzoli 1994; Kroll et al. 



1997; Stimpfl et al. 1999; Heinemann et al. 2000; Ganguly and Stimpfl 2000; Schlenz et 

al. 2001; Zema et al. 2003; and references therein) there are still some important 

unresolved issues both on the equilibrium fractionation and kinetic behaviors. 

Stimpfl et al. (1999) determined the equilibrium distribution coefficient (ko* = 

(Fe*MiMgM2)/(Fe*M2MgMi), where * indicates that Mn is combined with Fe) at 1000°C-

550°C for four natural orthopyroxenes with compositions ranging from Fsis-Fsso, using 

single crystal X-ray diffraction (XRD) to determine site occupancies. The results of this 

study were combined with data carefully selected from the literature to develop an 

expression for ko* as a function of temperature and composition. While the data showed 

lack of compositional dependence in the range FS19-FS75, anomalous behavior was 

detected for lower-Fe compositions (Figure 1.2- modified from Stimpfl et al. 1999). As 

discussed by Stimpfl et al. (1999), such anomalous behavior could be due either to a 

change in the thermodynamic propert ies of the solid solution in the terminal segments 

(Darken 1967) and/or to an intrinsic problem with the measurement of the intensities by 

of X-ray reflections when one of the components becomes relatively dilute. Because the 

source of such oddity could not be identified, the authors treated the data in two different 

groups. Data for compositions between FS19-FS75 were regressed to yield: 

2557(±49) 
+ 0.547(±0.048), (2) 

while, those in the range Fsn-Fsn, were regressed separately to yield: 

,n,^-_2854(±86) 
+ 0.603(±0.095) (3) 



to describe equilibrium fractionation for the 0/D reaction for oithopyroxenes within the 

specified compositional groups. 

Subsequent data for synthetic orthopyroxenes of composition FS20 and Fsso by 

Schlenz et al. (2001) conform to equation (2) as illustrated in Figure 1.2. 

To better understand the anomalous behavior of the solid-solution at Fs < 16,1 

studied the equilibrium fractionation of a Fsu orthopyroxene at several temperatures. The 

equilibrium fractionations at 950, 900, 850 and 750°C were constrained by ordering and 

disordering experiments. X-ray data were then collected using two different 

diffractometers: point detectors (PD) and charge-coupled device equipped area detector 

(CCD). The main result from this investigation shows that the discrepancy in results 

observed by Stimpfl et al. (1999) between low-Fe and high-Fe orthopyroxene might be 

due to bias in the X-ray technique. Specifically, the fitted Inko* and 1/T(K) relation 

recovered for Fsu from the data obtained on the CCD diffractometer matches within 

error, equation (2). On the other hand, the Inkp* vs. 1/T(K) regression computed from the 

same sample using the data generated by means of the PD diffractometer matches 

equation (3) (Figure 1.3). These results indicate that the compositional effects observed 

for the 0/D reaction in the low-Fe orthopyroxene is likely due to measurement bias (PD 

versus CCD diffractometers) rather than to a change in thermodynamic behavior. 

Furthermore, these new data suggest that equation (2) can be used to describe the 

equilibrium fractionation for all orthopyroxenes of composition FS11-FS75, if XRD is 

performed on CCD equipped diffractometers for orthopyroxenes with low-iron content. 

This work, conducted with the collaboration of Dr. Princivalle (Italy) will not be included 



in the present dissertation, because we still need to conduct some more experiments. 

However, the results from this project are used and cited in Chapter 4 to compute the 

equilibrium fractionation for a low-Fe pyroxene that has been used for kinetic studies. 

Another unexplored aspect of the 0/D reaction is the fractionation behavior of 

Mn. Hawthorne and Ito (1978) reported that Mn preferentially fractionates to M2 in a 

similar manner as Fe. Thus, site occupancies have often been computed using Fe""^ + Mn 

=Fe* as a single component (e.g. Ganguly et al. 1994; Ganguly and Domeneghetti 1996; 

Zema et al. 1997; Stimpfl and Ganguly 2002; and references therein). However, 

Hawthorne and Ito (1978) did not investigate the fractionation behavior of Mn as a 

function of T, and their conclusion was based on a single observation on a synthetic 

crystal of composition (Mgo,925Mno.o75)Si03 which did not provide any information on the 

relative site preference for Fe and Mn. 

From the kinetic point of view, there are also many unresolved issues. In recent 

years diffraction methods have become the preferred technique for determining the site 

occupancies in orthopyroxenes over Mossbaucr Spectroscopy, which was used early on 

in the study of the 0/D reaction (Besancon 1981; Anovitz et al, 1988). This shift in 

technique is probably due to the higher availability of diffractometcrs compared to the 

Mossbauer spectrometers, but also to the much smaller sample size required for XRD 

studies which is a great advantage when dealing with planetary samples. With the 

improvement of the technique for detennination of site occupancies, it also seemed 

desirable to undertake a re-investigation of the 0/D reaction kinetics in orthopyroxene. 

As discussed in Ganguly and Tazzoli (1994), some of the earlier kinetic data were 



obtained without appropriate control of fOa. Also a major portion of the kinetic data that 

are commonly used, namely those of Besancon (1981) and Anovitz et al. (1988), are 

based on site occupancies data determined by Mossbauer Spectroscopy in the very early 

phase of its application to this type of problem. Lastly, as also discussed by Kirfel (1996). 

to obtain accurate cooling rates from the observed ordering state, it is desirable to use 

calibrations obtained through the same technique as for the natural sample, so there is self 

cancellation of errors due to technique bias. 

Of the variables that affect the kinetics of the O/D reaction, the oxygen fugacity 

(fOi) of the environment plays an important role. For this reason it is important to 

understand the effect of differing fDa conditions on migrations of cations within the 

crystal lattice. To this day, no experimental investigation of the fOa dependence of the 

O/D reaction in orthopyroxenes have been published or undertaken. Instead a 1/6 power 

law dependence of the rate constant of fOa, which follows from theoretical consideration 

of vacancy fonnation by homogeneous reaction, has been applied to correct for the effect 

of different fOa conditions. 

THEORETICAL FOUNDATION OF KINETIC STUDIES 

Mueller (1967, 1969) described the change of concentration of Fe in M2 as a 

function of time, as follows: 

,-M2 

I t — ' P M l M l ^ F e  ^ M g 9 m \ M 2 ^  F c  ^  M g  '  W  

where K* and K are the forward and backward specific rate constants of reaction (1), 



hA 1 
CpQ is the molar concentration (per unit volume) of Fe in M2, and similarly for other 

Cf' terms, and (j>M2Mi and (pKiiMi are activity coefficients that describe the non-ideal 

mixing behavior of the exchange reaction and are a function of T and X of the system; 

= pCqX^^ ; and where and are the total number of Ml and 

M2 sites per unit volume; p=C'^^/Co, q = 1-p where 

In orthopyroxenes only the two octahedral sites Ml and M2 are involved in the 

exchange reactions, therefore the total mole fraction of Fe can be defined as; 

X F e  -  +  Q ' ^ F e  •  ( 5 )  

A / f  0  
Equation (4) can be rewritten in terms of the change of Xfg as a function of time as 

follows: 

. M 2  dX'f/ _ ^ 1^+^ v M l v M l  v M l v M l  
dt 

\j^~^ A \rivL^\rmi iy~ A \rmL\rivi^ 
=  ̂ C o [ A  f M l M l ^ F e  ^ M g ~ ^  f M l M l ^ F e ^ M g  (6) 

, y M l  ciJi. pp 
At equilibrium = 0 and for an ideal exchange reaction, we see that: 

dt 

V'A/l yh42. 
X p e  ^ M g  _ A 

y M 2  Y M I  ~ ir- " 
A pg A A 

The left hand term of equation (7) is known as the intracrystalline distribution coefficient 

or ki), and can be measured by means of XRD or Mossbauer Spectroscopy. By 

eliminating on of the kinetic constants through equation (7), e.g. K^, one can reduce 

equation (6) to the following form: 
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dX Ml 
F b  ^  j ^ + \ 2  ,  

dt 
=  C o K - [ a i X p / r + b X f / + c  (8) 

where a  =  p [ l - k j j ] ,  b - q - X p ^  + [ k Q  ) ^ { X + p )  and c  =  - k j j X p ^ .  

From the last equation, on can write: 

r M 2 ,  

• C , K -h: F e  

M 2  

1 
. i \ r A f 2 ,  , 

^i^Fe ) +bXpg +c 

j y M l  U A p ^  .  (9) 

ro - ^ F i i ^ o n  

From this relation on can obtain CoK^ if the equilibrium fractionation for the 0/D. 

reaction and the evolution of XFe(M2) as a function of time are known (Mueller 1967, 

1969; Ganguly 1982). 

As discussed by Ganguly (1982), the integration of equation (9) depends on 

whether h' is greater than, less than or equal to 4ac. Because kn is positive, it follows that 

b'>4ac. With this condition, equation (9) leads to two expressions of CoK^ with respect 

to the following conditions: 

r ;,\2 
M2 O 

V - ^ 2  
• - a c  (10) 

or; 

< - a c  (11) 

Equation (10) holds true for the ordering process (isothermal and isobaric), and in this 

case solution of the integral in (9) leads to (Ganguly 1982): 



• C ^ K ' M  = 

{ b ~  - 4 a c j  
12 

In 
l a X p f  + b \ - \ h ~  - A a c  

n 

2 a X P /  + b ] + ( b ^  - 4 a c j  
n 

X g ^ ( t Q )  

(12) 

while (11) holds true for the disordering process (isothermal and isobaric), and in this 

case solution of the integral in (9) gives the following: 

• = 1 

- A a c )  
n 

In 

, / 2  I  
l ? ^ - 4 a c f  - ( 2 a X P / + b \  

2(tXl{} +bh\b'- -Aac 
1 / 2  

(13) 

^S^(^o) 

Equations (12) and (13) are used to fit data from ordering and disordering 

experiments, respectively. Within the framework of the above theory, derived from 

equation (12) indicated henceforth as K^ord (forward kinetic constant derived from the 

ordering experiments), and that derived from equation (13) or K'^ois (forward kinetic 

constants derived from the disordering experiments), should be the same. 

An example of the determination of C^K is given in Figure 1.4. Here, following 

Saxena el al. (1987), I have plotted the right hand term quantity of equation (12), denoted 

as L, as a function of time. Regression of the data forced to a value of zero from the 

intercept >ields . 

ROLE FO2 

Order/Disorder reactions involve movements of atoms through the crystal lattice 

as Fe and Mg exchange position between M sites. Because of this migration, 0/D 

reactions can be considered as a diffusion process (Ganguly and Tazzoli, 1994), and as 



such are controlled by all the variables which affect diffusion rates. Besides T and X, an 

important factor that can affect diffusion rates is the concentration of vacancies in a 

crystal lattice. For Fe bearing minerals, fOa has significant influence on the concentration 

of vacancies (fHiO may also affect vacancies concentration, but as yet very little is 

known about the effect of fH20 on diffusion kinetics) because do to the oxidation of Fe. 

vacancies need to be created to maintain charge balance. 

As discussed by several workers (e.g Buening and Buseck 1973; Schmalzried, 

1981; Nakamura and Schmalzried 1983; Morioka and Nagasawa 1991), the principal 

reaction that relates defect formation in ferrosilicate minerals to ID2 can be written as: 

where M stands for the octahedral sites, .v indicates that the site is charged balanced, V 

represents the newly created vacancy, and the superscripts I and • represent one negative 

and one positive charge, respectively (Kroger and Vink 1956). At equilibrium one can 

write: 

where apeo is the activity of FeO, relative to the pure component (P, T) standard state, and 

f02 is the fugacity of oxygen. 

6Felj + O2 (g) = + AFeli + 2FeO, (14) 

a FeO fO (15) 

Charge balance considerations require that [vjj^ j - 1 / 2[Fe\f ], and therefore, 

equation (15) can be rewritten as: 

"FeO fO^- (16) 



From (16) it follows that: 

(17) 

where K is a constant which combines both Keq and apeo? which is assumed to be 

unaffected by the very small amount of oxidation of iron through reaction (14). 

The dependence of point defect dependent processes in olivine (i.e. diffusion, electrical 

conductivity, kinetic rates) on the fOa predicted from theory on the basis of equation (17) 

has been found, by many workers to roughly match experimental observation (e.g 

Buening and Buseck 1973; Morioka and Nagasawa 1991; Bai et al. 1998). 

NOTES ON THE EXPERIMENTAL PROCEDURE 

Figure 1.5 shows a flow chart for the experimental procedure employed in this 

study. The initial ordering state for the crystals chosen for the O/D experiments was 

determined by means of single crystal X-ray diffraction studies. Subsequently, the single 

crystals were subjected to a series of heating experiments followed by X-ray data 

collection. A series of heating and X-ray data collection cycles were preformed until all 

the data necessary to define equilibrium and kinetic behavior of the O/D process were 

collected. The chemical composition for the same samples used in the heating 

experiments is then determined by electron microprobe analyses. Finally, the site 

occupancies necessary to define the intracrystalline distribution coefficient (equation 7) 

or XFe(M2) were retrieved by means of structural refinements with chemical constraints. 



In diffraction studies, the X-ray that are scattered from the atoms contain 

information about the chemistry and position of the atoms within the unit cell. In 

particular, during diffraction the amplitude of a scattered X-ray is given by; 

F q  X^ j  exp2 m ( l i x J  + k y j  + I z j )exp(-/?y sin 6 / X  )  (18) 

where FQ represents the amplitude of the observed diffracted beam (observed structure 

factor); Sj represents the scattering factor of the j"' site in the cell; xj are the coordinates 

for the site; hkl are the Miller indices identifying the diffracting "atomic plane"; Bj is 

the isotropic temperature factor which is a function of the angle of incidence of the X-ray 

(0) and of the wavelength of the radiation used (X,). The scattering factor, Sj, is a measure 

of the efficiency with which an atom scatters X-ray radiation compared to that scattered 

by a single electron. Its value depends on four variables; elemental species involved in 

the scattering (higher scattering power for higher atomic number); wavelength of the 

radiation, X; direction of scattering (0); and thermal vibration of the atom (the more the 

atom vibrates, the more diffuse is the electron cloud, the less is the scattering of the 

radiation by an atom). In Figure 1.6 the scattering curves for selected elements are 

reported as a function of sin0/l. Equation (18) also shows that for any given observed 

reflection, all the atoms in the unit cell (j to n) contribute to its amplitude. 

In a standard X-ray diffraction experiment a large number of FQ are observed and 

measured. Usually this number is greater than the number of variables necessary to model 

the crystal structure, and thus these parameters can be retrieved from the structure factors. 



Equation (18) shows that these parameters include 1) the scattering factors at the n sites 

in the unit cell; 2) the atomic position for the sites in the crystal lattice; 3) the vibrational 

parameters at the n sites in the unit cell. 

When more than one atom can occupy the same type of same site in a crystal, the 

scattering factors of the site is a weighted average of those occupying the site. 

Consequently, in equation (18) Sj is redefined as: 

m  
S j  = Y M i j  (19) 

/=1 

where, m is the number of different chemical species occupying the same lattice sitey; f 

is the scattering factor of the f' atom ; Xy is the fractional site occupancy of the i'' atom 

in the f' site. The X-ray data give the total scattering power (Sj) at each site in the crystal 

structure. It is assume that each site is completely occupied by atoms, i.e: 

Z « y = l -  ( 2 0 )  

The variables of equation (18) and (20), i.e. atomic and themial parameters and 

site occupancies, are obtained by minimizing the di fference between a series of synthetic 

intensities, called FC (calculated structure factors) and the FQ. The program requires 

initial atomic position for the crystallographic sites, their initial vibarational parameters 

and initial site occupancies values for all the elements present in the unit cell. Equation 

(18) is then used to compute Fc for each reflection (hkl) that has been measured during 

the diffraction experiment. At the end of each cycle of refinement the F( s are compared 

with the observed intensities (FQ or observed structure factor) by computing an agreement 



index know as R, which represent the percent difference between FC and FQ. The model 

is considered satisfactory when R< 3%. This procedure is called structural refinement. 

There are different software packages available to perform such task. In this work 

I used the program RFINE (Finger and Prince, 1975) because it allows one to introduce 

in the refinement the chemical composition of the sample as determined by electron 

microprobe. In this instance, the site occupancies for elements that do not undergo 0/D 

(i.e. Cr, Ca, Mn, Si,) are known values that can be assigned to their preferred sites, while 

the site occupancies for Mg and Fe in MI and M2 sites are treated as variables that need 

to be refmed by the program. However, the total amount of Fe and Mg is constrained to 

the bulk chemistry derived from electron microprobe. 

In the course of the study I have used different software packages to obtain the X-

ray diffraction data and to reduce these data to the format required by the refinement 

program. These packages, while known to the mineralogist/crystallographer, might 

represent some sort of black box for the neophyte. Here is a very brief summary of these 

packages and their main use: 

SMART: program that controls the CCD single crystal X-ray diffractometer. It 

interfaces the hardware to the software. 

SAINT: program that computes the intensities of the reflections recorded on each 

frame during the X-ray experiment by recreating the three dimensional shape of the 

reflection and integrating its volume. 



SORTAV: during a data collection, reflections that are symmetrically equivalent 

are measured separately. After the data collection, this program is used to average their 

values. 

BAYES: the intensity of any given diffracted reflection is proportional to the 

square of its amplitude (Fc/). This program allows one to compute FQ and related errors 

from the observed Fo". This procedure is necessary in that the program RFINE needs FQ 

as input values and not FQ • 
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