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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 • 

DISSERTATION FORMAT 

This dissertation consists of three major chapters that represent separate 

manuscripts with small overlap in content, which, with appropriate changes from this 

present version, will be soon submitted for publications. A fourth paper part of this 

investigation on the properties and application of the 0/D reaction, which has been 

already published, is included in Appendix A. 

According to the Department of Geosciences, published manuscripts are 

acceptable when included in a thesis or dissertation as Appendices. As requested by the 

Graduate College, the content of the published paper will be briefly summarized in 

Chapter 2 - Present study. 

The third chapter entitled Mn-Mg intracrystalline exchange reaction in 

donpeacorite (Mno.54Cao.o3Mg],4sSi206): Insight into the fractionation behavior of Mn in 



orthopyroxene (Stimpfl), addresses the fractionation behavior of Mn to test if the practice 

of combining Fe+Mn in the determination of site occupancies is indeed justified. 

Chapter 4, Kinetics of Fe' -Mg order/disorder reaction in orthopyroxene: 

temperature, compositional and fOz dependence and applications (Stimpfl, Ganguly, 

Molin) is an experimental study of the kinetic of the exchange reaction carried out as a 

function of temperature, compositions and fDz of the system. I also tested the newly 

developed kinetic calibration by computing the cooling rate for orthopyroxene extracted 

from a granulite facies rock from the Central Gneiss Complex (British Columbia) and 

compared it with cooling rates determined in the same temperature range using different 

methods. 

Chapter 5, Thermal history of the unhrecciated diogenite GRO (Grosvenor 

Mountains) 95555: Constraints from inter- and intra-crystalline Fe-Mg exchange 

reactions (Stimpfl and Ganguly) reconstructs the thermal history of a diogenite meteorite 

by means of the 0/D reaction (using the results of Chapter 4) and of equilibrium Fe-Mg 

distribution in the orthopyroxene-spinel couple. 

There is only one reference list common to all the unpublished material of the 

dissertation that will be placed at the end of the manuscript, while the references to the 

published paper are part of Appendix A. Figures and Tables are inserted at the end of 

each chapter. 

The Graduate College stipulates that the role of the dissertation author in the 

research and production of the published manuscript(s) be clearly specified in this section 

of the dissertation. For the paper included in Appenix A (Cation ordering in 
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orthopyroxenes from two stony iron meteorites: implications for cooling rates and metal-

silicate mixing) I have conducted all the experimental part and part of the modeling of the 

results. My co-author and I have engaged in discussions with respect to the implication of 

our results to the cooling history of the stony-iron meteorites. However, my co-author 

was primarily responsible for the idea behind this work and interpretation of the data, and 

also wrote the paper in both its submission and final form. 
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FIGURE 1. 1 
Relation between the evolution of site occupancies in orthopyroxene (a) and the cooling 
of the host rock (b). XFe(M2) evolves under the control of both the equilibrium 
fractionation (solid line) and the kinetics of the reaction (dotted). 
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FIGURE 1. 2 
Comparison of Inko* vs Xpe* in orthopyroxenes as determined by single crystal structure 
refinements at two selected temperatures, 1000 and 850 °C. The vertical bar on a symbol 
indicates ± la uncertainty of Inko* resulting from that in the structural data. For the solid 
circles (Stimptl et al., 1999), the error bars arc about the diameters of the symbols. Solid 
lines represent -Inko* at equilibrium for the relevant temperatures. The fits through the 
data points are calculated using equations 2 (solid line) and 3 (dotted line). See text for 
explanation. 
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FIGURE 1. 3 
Comparison of Inko* vs. 1/T calibrations for a crystal of composition Fsu obtained by 
means of PD and CCD diffractometers (empty and filled triangles, respectively). Solid 
lines represent the calibrations for Fsii.59 and FS19-75 determined by Stimpfl et al. (1999) 
using PD diffractometers. 
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FIGL'RE 1. 4 
L versus time plot. Example of retrieval of kinetic constant at 550°C. The values of L at 
for each experiment are calculated from equations (12) or (13) for ordering and 
disordering experiments respectively. A linear fit through the origin provides the value of 
the specific rate constant at the given temperature. 
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FIGURE 1. 5 
Flow chart of the experimental procedure followed in this work. 
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CHAPTER 2: PRESENT STUDY 

The methods, results and conclusions of this study are presented in the paper 

appended to this dissertation. The following is a very brief summary of the paper 

presented in Appendix A; "Cation ordering in orthopyroxenes from two stony-iron 

meteorites: implications for cooling rates and metal-silicate mixing". 

Stony-iron meteorites are a class of meteorites that, as the name implies, consist 

of a mixture of metal and silicate. Scott et al. (1996) showed that the chemical properties 

of the metal phases of this group of meteorites match those of IVA irons, suggesting a 

common origin for both types. However, the metallographic cooling rates computed by 

Ramussen et al. (1995) for both the stony-iron and the IVA irons show a wide 

distribution that seems correlated to the Ni content of the metal phase, hi particular, for 

Ni contents <8.5% the cooling rates are between ~250-3400"K/My; while for sample 

with high-Ni (8.6-10.5%) the cooling rates are slower and range between 20-60°K/My. 

Because of this large range in metallographic cooling rates, the origin of the irons 

and stony irons from a common asteroidal core seems problematic. DilTerent models 

have been proposed to reconcile these observations. Moren and Goldstein (1978, 1979) 

suggested a 'resin bread' model according to which the IVA meteorites crystallized from 

metallic melts dispersed in the mantle of the parent body. Because of different depths of 

burial, this model can easily explain the different cooling rates measured in the iron 

meteorites. Ulff-Moller et al. (1995) argued that the presence of tridymite in the stony-

iron would rule out the possibility of crystallization of these meteorites in an oli vine-rich 



mantle. In their model, silicate and metal mix close to the core-mantle boundary of the 

asteroid, where the magmas are separated from the refractory residue at different times 

during partial melting and injected into fractures that evolved during solidification of the 

core due to shrinkage. However, according to Scott el a. (1996), the chemical fingerprints 

of the IV A metal phases support fractional crystallization in the core of an asteroid even 

though the metals record such a wide range in cooling rates. 

Haack et al. (1996) proposed that the stony-irons and the IVA irons developed 

through a four stage process that takes into account the diverse cooling rates and the 

chemical signature in the irons implying formation in one single core. According to 

Haack et al. (1996) the parent body of these meteorites experienced an impact after -95% 

crystallization of the core was completed. Subsequently, the silicate mantle and the metal 

core fragments reassembled gravitationally within a dust cloud, and cooled through the 

temperature range (700-400°C) required to develop exsolution texture in the metals. 

Finally, a last catastrophic impact struck the asteroid ~450My ago, as implied by the 

cosmic ray exposure age on most irons. 

If the model supported by Haack et al. (1996) were correct, then one would 

anticipate that the silicates and the irons should record similar cooling rates for similar 

temperature ranges. The closure temperature for diffusion of Fe-Ni in the metal alloys 

overlaps to some extent with the closure temperature for the Order/Disorder reaction in 

orthopyroxenes which falls in the range of 600-300"C. Thus, determination of cooling 

rates from the degree of ordering quenched in orthopyroxenes from the stony-irons 

should provided some insights into the origin of the stony-iron/iron meteorites. 



To this end we determined the cooling rates from the ordering states of 

orthopyroxenes crystals extracted from two stony-iron meteorites: Sao Joao Nepomuceno 

(SJN) and Steinback (ST), of composition Fsn-ie, respectively. While the equilibrium 

intra-crystalline fractionation of Fe-Mg as a function of temperature had been already 

determined for these compositions (Stimpfl ct al. 1999), kinetic data determined for this 

composition by means of X-ray single crystal diffraction were not available. In the course 

of this study, therefore, we calibrated the rate constant as a function of temperature at WI 

buffer by controlled cooling experiments using crystal separated from the ST sample. The 

site occupancies for the SJN and the ST orthopyroxene crystals were determined by 

means of X-ray single crystal diffraction and structural re finement with bulk chemical 

constraints. The closure temperature (T^.) for the SJN crystals cluster around ~400°C, 

while the orthopyroxene from ST show a wider range of Tc from 430"C to 470°C. The 

cooling rate recovered by using the kinetic constants calibrated in this work, suggest a 

cooling rate ~400"C/My for SJN; for ST the cooling rates vary between 40000"C/My to 

200CfC/My. 

According to Rasmussen et al. (1995) the average metallographic cooling rate for 

SJN is ~900°C/My, while for ST ~20°C/My. However, Rasmussen et al. (1995) were able 

to fit the entire spectrum of metallographic data by assuming a two-stage cooling history 

for all the irons/stony-irons; a fast cooling of ~150"C/My at temperatures above 440-

460°C, followed by a slower cooling of ~50"C/My for lower temperatures. Reconciliation 

of the data from O/'D and metallographic methods within the constraints of the break-up 

reassembly model of Haack et al. (1996), require that these two stony-irons cooled at 



similar rates of ~400°C/My through the for the 0/D reaction. Below ~425°C, ST 

cooled at ~ 50"C/My, as suggested by the metallographic data. However, the data can be 

interpreted also in an alternative way, which implies different parent bodies for SJN and 

ST, and mixing of the metal and silicate component for ST after the metal had cooled 

below the TQ for Ni-Fe interdiffusion. Textural data for ST appear to be in contrast with 

such late mixing of the silicate-metal components. 
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CHAPTER 3: Mn-Mg intracrystalline exchange reaction in donpeacorite 
(Mno.54Cao,o3Mgi,43Si206): Insight into the fractionation behavior of Mn in 

orthopyroxcnc. 

INTRODUCTION 

The fractionation of cations over different crystallographic sites, also known as 

order/disorder (0/D) or intracrystalline exchange reaction, has been extensively studied 

in orthopyroxenes due to its potential to provide insights into the temperature-time (T-t) 

history of their host rock (e.g. Ganguly et al. 1994; Ganguly and Domeneghetti 1996; 

Kroll et al. 1997; Zema et al. 1997; Heincmann et al. 2000; Ganguly and Stimpfl 2000). 

The reaction has been well characterized in Fe-Mg pyroxenes (e.g Besancon 1981; 

Anovitz et al. 1988; Molin et al. 1991; Ganguly and Tazzoli 1994; Stimpfl et al. 1999; 

and references therein) but no systematic study has been published on the partitioning 

behavior of Mn. In fact. Mn is often treated as equivalent to Fe'"^ and the two are 

combined as the fictive species Fe* = Fe'"^+Mn (e.g. Ganguly et al. 1994; Ganguly and 

Domeneghetti 1996; Zema et al. 1997; Stimpfl and Ganguly 2002; and references 

therein). 

Understanding the partitioning behavior of Mn in Fe-Mg orthopyroxenes might 

appear as a marginal issue because the concentration of Mn in natural Fe^^-Mg 

orthopyroxenes is usually very low (MnO<l%). However, the usage of the 0/D reaction 

to unravel the thermal history of rocks requires that the site occupancies be known with 

the highest precision possible to permit retrieval of cooling rate. 



Partitioning of Fe* has been rationalized by the study of Hawthorne and Ito 

{1978) who refined the structure of a synthetic Mn-rich orthopyroxene 

[(Mgo,925Mno,o75)Si03] and reported that Mn fractionated over both octahedral sites (Ml 

and M2), preferentially order to M2. On the other hand, Petersen et at. (1984) noted in the 

naturally occurring Mn-rich/Fe-free orthopyroxene (donpeacorite), that Mn was totally 

ordered on M2. This configuration could be the result of either the T-t history of the 

sample (slow cooling would favor ordered states) or to an absence of intra-crystalline 

fractionation of Mn, in contrast to the observation of Hawthorne and Ito (1974). Both 

'y J 
studies show that the ordering trend of Mn is the same as that of Fe in Fe-Mg 

orthopyroxene, but it remains to be demonstrated that both Mn and Fe' ' display the same 

degree of preference for the M2 site. 

This work aims to determine the equilibrium intracrystalline distribution of Mn 

andMg between the Ml and M2 sites in donpeacorite as a function of T. These results 

will test if Mn and Fe""^ have the same affinity for the M2 sites, and therefore, if the 

assumption underlying the partitioning of Fe* in Fe-Mg orthopyroxenes is justified. 

EXPERIMENTAL METHODS 

The Mn-rich orthopyroxene used in this work occurs in manganese-rich siliceous 

marble which are distributed within several siliceous marble units at Balmat, N.Y. 

(Petersen et al. 1984). These marbles, common throughout the Adirondack Lowlands, 

were metamorphosed to the upper amphibolite facies during the 1.0 b.y. old Grenville 

Orogeny. 



A series of annealing experiments were conducted on a donpeacorite single 

crystal (0.4 x 0.3 x 0.2mm), separated from a small chip of rock collected at Balmat, 

N.Y., to detennine the equilibrium fractionation for the O/D reaction. Single crystal X-

ray intensity data for the crystal (DPI) were collected prior to thermal annealing to 

determine its original site occupancy distribution, and after each annealing experiment. 

Site occupancies were determined by means of X-ray diffraction (XRD) and structural 

refinement using the bulk chemical constraints. The chemical composition for the crystal 

used in this work was determined from electron microprobe data after all the experiments 

were completed. 

HEATING EXPERIMENTS 

The equilibrium fractionation of DPI was constrained by means of both ordering 

and disordering experiments. The sample was disordered successively at several 

temperatures up to 980°C, and then was ordered at several temperatures down to 806°C. 

The crystal was annealed at a particular temperature until a steady state, as determined by 

time series study, was achieved. In addition, the equilibrium ordering state at 900"C was 

'reversed'; that is equilibrium was achieved by approaching it from states which were 

more ordered (disordering run) and less ordered (ordering run) than the equilibrium state 

at 900°C. 

All annealing experiments were carried out by sealing DPI, along with a fOj 

buffer mixture of wiistite and iron in a silica tube. The buffer mixture was placed within a 

Au capsule, which was open at one end. The assembly was then suspended at the 'hot 



spot' of a vertical tube furnace. At the end of each experiment the sample was drop-

quenched in water. For all runs a Pt-Ptl 0%Rh thermocouple placed at the side of the 

charge monitored the temperature. The temperature for all runs was maintained between 

±3°C of the desired T. 

X-RAY DATA COLLECTION 

After each annealing experiment, single crystal X-ray diffraction intensities were 

recorded with a Bruker SMART 1000 (Bruker 1997b) diffractometer equipped with a 

CCD area detector, using a graphite-monochromated Mo Ka (k = 0.71073A) radiation 

from 0° to a maximum of 86° in 20 (Table 3.1). A total of 4948 frames were collected for 

each data set, with each frame consisting of to scan of 0.15° width and an X-ray exposure 

time of 10s. Data were collected in multirun mode; six runs were selected in order to 

maximize randomness. Of these. 2 short runs of 50 frames were used to monitor decay of 

X-ray intensity. After completion of the data collection, the Bruker SAINT software 

(Bruker 1997a) was used to integrate the observed intensities. The sharpness of the peaks 

allowed the use of box optimization and narrow frame algorithm as integration 

conditions; for all the runs the results of the box optimization algorithm converged. The 

orientation matrix was updated with a frequency of 303 frames to adjust for possible 

crystal translations, although none were detected. In addition, crystallographic constraints 

were not imposed on the orientation matrix. Lorentz and polarization corrections were 

also applied using the program SAINT of the SMART CCD package. Table 3.1 lists 

relevant data collection parameters for each experiment. 
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A total of ~11000 reflections were recorded for the run 980°C DIS, while for 

other data collections, between ~ 15000 to 12000 reflections were observed. The 

reflections were integrated in the Laue class Vbca and were corrected for }J2 factor and 

absorption using the program S A DABS (Sheldrick 1996). Merging and averaging of the 

equivalent reflections were performed in the Laue point group mmrn using the program 

SORTAV (Blessing 1987). A total of -2200 to ~3000 independent reflections remained 

after merging (Table 3.1). Lastly, unit cell parameters constrained to orthorhombic 

symmetry were refined using Bruker SAINT software (Bmker 1997a) and are given in 

Table 3.2a and 3.2b for the untreated (natural) sample and the heating runs, respectively. 

Few reflections violating the Vhcu extinction conditions were observed for DPI. 

These exceptions include reflections with indices Okl - k=2n+l and l=4n+2 for the natural 

sample (Okl = 016), for the 900°C-D1S run (Okl - 012) and for the 856°C-ORD run (Okl = 

052). Similar forbidden reflections in Fc-Mg orthopyroxenes were observed by 

Domeneghetti et al. (1995), who concludcd that these reflections were consistent with an 

ex solved C2/c augitic phase. Because we used the same sample for all the data 

collections, each time that the crystal was mounted on the diffractometer, the crystal 

changed orientation. The fact that the 'forbidden reflections' changed indices or were not 

always observed supports the conclusion that they are due to multiple diffractions rather 

than to the presence of an exsolved phase within the matrix of the orthopyroxene. In 

addition, Petersen et al. (1984) did not report any exsolution lamellae in the donpeacorite 

samples from the same location, which they studied by means of precession and 

Weissenberg photographs. 
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MICROPROBE ANALYSES 

The chemical composition of DPI was determined from a large number of spot 

analyses by a CAMECA SX50 electron microprobe (EMP) with wavelength dispersive 

spectrometer (WDS) system using 15kV accelerating voltage, 20nA beam current and 

30s counting times for peak and background. Each spot was analyzed for Si, Ca, Ti, Cr, 

Al, Mn, Na, Mg, and Fe, using the following standards: synthetic diopside for Si and Ca; 

ilmenite for Ti; synthetic chromite for Cr; synthetic pyrope for Al; synthetic spessartine 

for Mn; natural albite for Na; synthetic enstatite for Mg; and synthetic ferrosilite for Fe. 

The orthopyroxene crystal was found to be homogeneous within the analytical 

resolution of the microprobe (Table 3.3). The average compositions of DPI along with its 

respective standard deviations was used to determine its statistically most-probable bulk 

composition. This was achieved by projecting the average composition of each element, 

weighted by their respective standard errors, on the n-dimensional surface that satisfies 

the crystal chemical constraints for orthopyroxene (Dollase and Newman 1984, Stimpfl et 

al. 1999). The adjusted composition for each element was within the ±1 a error of its 

average composition. The average and adjusted compositions of DPI are summarized in 

Table 3.3. 

SITE OCCUPANCY DETERMINATION 

The site occupancies were refined using the program RFINE90 (Finger and Prince 

1975), F„ generated from the observed Fo^ by the program BAYES (Blessing 1987), ionic 



scattering factors, and bulk compositional constraints. As is common practice, it was 

assumed that Al and Si were in the tetrahedral site; Ti was confined to the MI site; and, 

Ca and Na were ordered in the M2 site. Mg and Mn were partitioned between the two 

octahedral sites M1 and M2, according to their concentration (details on the procedure of 

site occupancy determinations are Stimpfl et al., 1999). The results from the structural 

refinements are reported in Table 3.2a, 3.2b (interatomic distances) and in Table 3.4a and 

4b (atomic coordinates and thermal parameters) before and after annealing experiments. 

Site occupancies for each experiment are summarized in Table 3.5a, which includes some 

statistics from the structural refinement. 

The X-ray intensity data for the untreated DPI sample were also refined without 

chemical constraints to allow for comparison with the results of Petersen et al. (1984). In 

particular, a complete binary composition (Mn-Mg) was assumed for DPI and two 

scattering curvcs were allowed to be refined by the program RFINE90 with the only 

constraint that f(Mn) + f(Mg) = 1 (f = scattering curve), in both Ml and M2 sites. Results 

from this refinement are in Table 3.5b. 

RESULTS 

THE NATURAL SAMPLE 

Results from the structural refinement obtained for the untreated DPI sample are 

compared in Tables 3.2a, 3.4a, 3.5b with those of those determined by Petersen et al. 

(1984) for another donpeacorite single crystal. Agreement between the two data sets is 

very good for the interatomic distances and the atomic coordinates (Tables 3.2a and 



3.4a), but there is a discrepancy with respect to the site occupancies in the Ml and M2 

sites. In Petersen et al. (1984) sample, all Mn is fully ordered in M2; however, a small 

amount of Mn is observed in Ml for DPI (Table 3.5b). This result is also valid when the 

structural refinement is carried out taking into account the full composition of the system 

(refinement with chemical constraints ----- Table 3.5a). A possible explanation for this 

discrepancy might rest in the relatively much smaller number of x-ray rellections used by 

Petersen et al. (1984). In their work the data collection was carried out to 55° in 20 and 

only 801 independent reflections were available for the structural refinement; for this 

work, the data collection covered up to -80" in 20 and a total of -2500 reflections were 

used to recover the geometry and the site occupancy (Table 3.5b). Even though a small 

amount of Mn is present in the Ml site in the untreated sample (Table 3.5a and 3.5b), Mn 

overwhelmingly orders in M2. 

FRACTIONATION EXPERIMENTS 

Site occupancy data were used to compute the intracrystalline distribution 

coefficient kD(Mn-Mg), which for the exchange reaction in donpeacorite is defined as: 

_ XMn{M\)XMg{Ml) 
D ( M n - M g )  -  x M n { M 2 ) X M g { M \ )  '  

according to the homogeneous exchange reaction: 

disordering—* 

M n { M 2 )  +  M g { M \ )  M n { M l )  + M g { M 2 ) ,  (2) 
-(-ordering 

where XMn(M2) is the partial molar fraction of Mn in M2 defined as XMn(M2) -

Mn(M2)/[Mn(M2)+Mg(M2)], and similarly for the other terms. 
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A statistical linear regression of InkD(Mn-Mg) vs. 1/T(K) (Table 3.5a) in the form 

Inko = -AH'VRT + AS'VR yields the following equation: 

InA:^ =-1ZH^1^-0.348(±0.137) (R^ - 99%) (3) 
T { K )  

where the Inko values were weighted by 1 /[©(Inko)] , where a represent the estimated 

standard deviation. 

DISCUSSION 

MN AND FE'" PREFERENCE FOR THE M2 SITE 

The data in Table 3.5a support the observation of Hawthorne and Ito (1978) that 

I 
Mn fractionates over the octahedral sites in the orthopyroxene similarly to Fe : both 

order to M2, with the extent of ordering decreasing with temperature. 

To determine if the site occupancy fractionation behaviors of Mn and Fe'* are the 

same, equation (3) was compared with a calibration determined for Fe-Mg 

orthopyroxenes of composition XFe = 0.19-0.75 (Stimpfl et al. 1999). If Fe and Mn 

respond to a change in temperature to the same degree, then there should be no 

statistically significant difference between the two calibrations. Figure 3.1 shows a 

comparison of the kD(Mn-Mg)'s values determined in this study with kD*(Fe-Mg) in 

orthopyroxenes of composition XFe = 0.19-0.75 as determined by Stimpfl et al. (1999). 

T I 
These comparative data show that although Mn and Fe preferentially order to 

the M2 site, relative to Mg, Mn has a significantly stronger M2 site preference than Fe. 



A similar conclusion was reached by Ghose et al. (1975), who suggested, on 

crystal-chemical grounds, the following M2 site preference Mn > Zn > Fe > Co" > 

> Mg > Ni"^ for the (Mg, M^~) orthopyroxenes. 

COMPARISON BETWEEN LNKD- AND LNKD CALIBRATIONS FOR FE-MG ORTHOPYROXENES 

Stimpfl et al. (1999) determined the equilibrium site fractionations for four natural 

orthopyroxenes with compositions ranging from XFe = 0.14-0.50 at temperatures 

between 1000-550°C using X-ray diffraction. The ki)*'s (where * means that Mn was 

partitioned as Fe) from the study were then combined with data carefully selected from 

the literature to develop an expression for ko* as a function of temperature and 

composition. The calibration of Stimpfl et al. (1999) has been used in several studies to 

recover the cooling history of host rocks and also to determine the kinetics of the 0/D 

reaction in orthopyroxene (Ganguly and Stimpfl, 2000; Goodrich et al. 2001; Zema et al. 

2003). 

To evaluate errors introduced in the calibration by using Fe* (i.e. Fe'^+Mn) as a 

partitioning species, we used the intensity data collected by Stimpfl et al. (1999) to refine 

the site occupancies for the relevant annealing experiment by partitioning only Fe. The 

structural refinement procedure is described in detail in Stimpfl et al. (1999); the only 

difference between the two procedures is that in this work only Fe was the fractionating 

species. However, modeling shows that for Mn concentrations found in the samples used 

by Stimpfl et al. (1999) - SJN Dpo.g; ST77 Dpo.g and H028 Dpo ? - if ideal behavior is 

assumed, equation (3) predicts a small amount of Mn on M1 for temperatures higher than 
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900"C, while for lower T all Mn is virtually ordered on M2. To account for this effect we 

computed, via equation (3), the amount of Mn to be assigned a priori to Ml and M2 for 

Stimpfl et al.'s (1999) three higher temperature runs (ST77 900°C DIS, ST77 900"C 

ORD and ST77 1 {)()0"C DIS); while for the lower T experiments Mn was not fractionated 

and was kept completely ordered in M2. 

The results from these structural refinements are listed in Table 3.6, together with 

the relevant Inkn(i-e-Mg) and Inko* (ko* - (Fe*/Mg)'^V(Fe*/Mg)'^^) published in Stimpfl et 

al. (1999) for the same experiment. The difference between InkD(Fe-Mg) and Inko* is 

mostly contained within the standard deviation of Inko (crlnko) which indicates that 

different partitioning methods (Fe vs. Fe*) only marginally affect the values of the ko-

However, ordering of Mn on M2 systematically generates a more disordered 

configuration (i.e. InkDo-c-Mg) > Itiko*) with the bigger difference for the low-Fe 

orthopyroxene. 

A linear regression of lnkD(Fe-Mg) versus 1/T(K) for the data listed in Table 3.6, 

yields for the Fe-rich sample H028: 

InA'^ :^_2708(±^_ 0 695(10 058) (R^=100%) (4) 
T { K )  

Equation (4) excludes the 550°C ORD datum, which did not reach equilibrium within the 

time frame of the experiment (see Stimpfl et al. 1999). For the low-Fe samples SJN and 

ST77 the implied regression yields: 

Inks) = 0.747(±0.078) (R^ = 99%). (5) 
T { K )  



For H028 (Fsso) equation (4) and the corresponding regression from the results of 

this work and those of Stinapfl et al. (1999) are virtually indistinguishable (Figure 3.2). 

For low-Fe pyroxenes (SJN - Fsi4; ST77 - Fsu,), the high-T range of equation (5) defines 

a slightly more disordered configuration compared to the calibration obtained by Fe* 

partitioning (Stimpfl et al. 1999). 

As expected from the low total concentration of Mn, the various partitioning 

procedure have only marginal effects on the ko. However, the difference in ko due to 

differing partioning methods (i.e. Fe vs Fe*) is mainly reflected in the value of XFe(M2) 

and is more prominent in low-Fc orthopyroxenes than in high-Fe orthopyroxene. 

Comparison of an annealing run for a high-Fe orthopyroxene with a low-Fe 

orthopyroxene exemplifies this point. For the sample HO (Fsso), comparison of the data 

at 850°C obtained through the two partitioning procedures shows that the % difference in 

site occupancy in M2 amounts to less than 0.3%. On the other hand, for sample SJN 

(Fsie), at 800°C partitioning Fe only over Ml and M2 yields XFe(Ml) = 0.0411, 

XFe(M2) = 0.2441 (Table 3.6), whereas Fe* partitioning yields XFe*(Ml) = 0.0420, 

XFe*(M2) = 0.2583 (Stimpfl et al. 1999). This translates to a difference in XFe(M2) of ~ 

6%. 

IMPLICATIONS FOR COOLING HISTORIES OF NATURAL SAMPLES 

The overestimation of the degree of ordering generated by partitioning Fe* 

instead of Fe, will have repercussions on the determination of cooling rates from the 

observed site occupancies in orthopyroxenes consistent with the previous observation of 



high-Fe vs. low-Fe samples. To quantify this effect, the cooling rates for an intermediate-

Fe orthop>Toxene (GRO 1 Fs;?- Stimpfl and Ganguly 2002) and a low-Fe sample (SJN24 

FS]4- Ganguly and Stimpfl 2000) were recomputed using the kinetic data of Ganguly and 

Stimpfl (2000). New site occupancies were obtained by refining the observed intensity 

data of GRO 1 and S.TN24 keeping Mn ordered completely on M2 according to the finding 

of this study (see Ganguly and Stimpfl, 2000 for procedures used to detennine cooling 

rates from the ordered state in orthopyroxene). 

The partitioning procedure had dramatic effects on the calculated cooling rates 

depending on the relative proportion of Fe and Mn (Table 3.7). For intemiediate-Fe 

sample, the minimal effect of the partitioning methods on ko and XFe(M2), translates to 

no change in the cooling rate. In marked contrast, however, for low-Fe sample the 

calculated cooling rate can increase up to 350% when Fe is partitioned independently 

from Mn. This conclusion was also reached by Schlenz et al. (2001) who pointed out that 

the cooling rates determined for low-Fe compositions are more sensitive to error in the 

microprobe analyses: using Fe* as the partitioning species is equivalent to an erroneous 

overestimation of total Fe in the system. 

CONCLUSIONS 

Our data show that Mn fractionates over the two M sites in Mn-rich 

orthopyroxenes preferring M2 to M1 as previously suggested by Hawthorne and I to 

(1978) and Petersen et al. (1984), but Mn has a much stronger affinity for M2 than does 

Fe. This behavior generates a more ordered configuration for the same temperature, when 



the data are compared with Fe-Mg orthopyroxene of corresponding composition (XMn = 

XFe). For this reason we recommend avoiding the practice of partitioning Fe and Mn as 

one single species (Fe* ). This is particularly important when the Fs component of the 

orthopyroxene is limited (Fs < 0.19). 

As suggested from the revision of the calibrations determined for Fe-Mg 

orthopyroxenes, equation (5) should be used to model the equilibrium evolution for low-

Fe pyroxenes (XFe<0.19) and should supersede equation (4) in Stimpfl et al. (1999) 

computed using Fe*. On the other hand, for high-Fe pyroxenes (XFe =0.19-0.75) the 

treatment of Mn has limited influence on the ko for the low Mn samples, and therefore 

the calibration in Stimpfl et al (1999) is still applicable for modeling the equilibrium 

evolution of site occupancies. 

For Fe-Mg orthopyroxenes equation (3) implies that for natural orthopyroxene 

samples with typical Mn concentrations, Mn should to be considered totally ordered on 

M2. Partitioning Mn as Fe will affect the cooling rates recovered based on the observed 

ordering state in natural samples, and will bias the interpretation of the T-t evolution of 

the parent rock towards slower cooling. This in turn will affect exhumation rates or depth 

of burial that are recovered from the cooling rates. 
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FIGURE 3.1 
Comparison of Mn and Fe partitioning behavior in donpeacorite and Fe-Mg 

orthopyroxene, respectively. Mtracrystalline distribution coefficient (ko) for the 
donpeacorite sample DPI as determined in this study (triangles) and corresponding least 
square fit (solid line). The dashed line is for Fe-Mg orthopyroxenes of composition 
XFe = 0.19-0.75 (Stimpfl et al. 1999). 
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FIGURE 3. 2 
Comparison of the Inko (solid lines) and Inkn* (dahsed lines) vs. 1/T(K) for 
orthopyroxenes of composition Fsso (upper lines) and Fsu, (lower lines). The triangles 
represent the values of ko determined in this work by partitioning only Fe. The solid lines 
show the least square regression through the data, while the dashed line are calibrations 
taken for the same composition from Stimpfl et al. (1999). Filled triangles: sample H028 
(Fsso); empty triangles: sample ST77 (Fsig); half filled triangles: sample SJN (FSH) 
(orientation of the symbols as in Figure 3.1). 
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TABLE 3.1 
Data collection parameters and integration statistics for the untreated and heat treated 
DPI sample. (Abbreviation; DIS = disordering experiments; ORD = ordering 
experiments). 

Heat treatment untreated 980"C DIS 900°C DIS 904"C ORD 856"C ORD 806°C ORD 

max sin0/A (A"') 0.90 0.96 0.90 0.95 0.92 0.96 

Observed 20„nx (") 79.76 86.47 79.46 85.46 81.6 85,74 
CCD distance from 
crystal (mm) 5.35 3.79 5.35 4.8 5.38 4.8 

20 section covered (°) 52 66 52 56 54 56 
No. reflex. Measured 12727 20982 12686 14043 12814 15535 
Highest redundancy 7.25 9.32 7.62 6.2 7.01 7.49 
Lowest redundancy 4.55 5.92 5.08 4.22 4.47 4.61 
Unique reflections 2449 3091 2214 2915 2511 2944 

No. reflex. = Number of reflections measured. 
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TABLE 3. 2a 
Cell parameters and interatomic distances in A for the untreated DPI sample. The data 
for the sample analyzed by Petersen et al. (1984) are reported for comparison. Standard 
deviations (esd) are parenthesis. 

sample DPI " Petersen 

a 18.3668 (3) 18.3840(110) 
b 8.8725 (2) 8.8790 (70) 
c 5.2289 (1) 5.2260 (30) 

V 852.10 (5) 853.12 (70) 

Ml -
**02A 2.023 (1) 2.022(4) 

OlA 2.040 (1) 2.036(4) 
02B 2.047 (1) 2.049(4) 
OIB 2.066 (1) 2.068(4) 

OlA' 2.146 (1) 2.141(4) 
OIB' 2.179 (1) 2.187(4) 

<Ml-0> 2.084 2.084 
M2-

02B 2.040 (1) 2.044(4) 
02A 2.109 (1) 2.104(4) 
OIB 2,130 (1) 2.119(3) 
OlA 2.159 (1) 2.166(3) 

03A 2.329 (1) 2.337(4) 
03B 2.532 (1) 2.542(3) 

<M2-0> 2.217 2.219 
SiA-

02A 1.594 (1) 1.600(4) 
OlA 1.613 (1) 1.616(3) 
03A 1.646 (1) 1.642(4) 
03A' 1.665 (1) 1.659 

SiA -br 1.656 1.651 
SiA - nbr 1.604 1.608 
<SiA-0> 1.630 1.629 
SiB-

02B 1.592 (1) 1.586(4) 
OIB 1.618 (1) 1.624(4) 
03B 1.668 (1) 1.67(4) 
03B' 1.675 (1) 1.671(4) 

SiB -br 1.672 1.671 
SiB - nbr 1.605 1.605 
<SiB-0> 1.638 1.638 

* Petersen et al. (1984). 
** Mistyped in Petersen's et al. paper. 



TABLE 3. 2b 
Cell parameters and interatomic distances in A for DPI for the different heating 
treatments. Standard deviations (esd) are in parenthesis. 

heating treatment 980T. DIS 900"C DIS 904"C ORD 856°C ORD 806"C ORD 

a 18.3653(4) 18.3686(3) 18.3718(4) 18.3645(3) 18.3559(4) 
b 8.8819(3) 8.8828(2) 8.8836(2) 8.8810(2) 8.8741(2) 
c 5.2305(2) 5.2287(1) 5.2334(1) 5.2284(1) 5.2256(1) 

V 
Ml 

853.20(6) 853.13(4) 854.01(5) 852.71(4) 854.21(5) 
ITH -

02A 2.027(1) 2.028(1) 2.027(1) 2.026(1) 2.025(1) 
01A 2.045(1) 2.044(1) 2.045(1) 2.044(1) 2.043(1) 
02B 2.052(1) 2.052(1) 2.051(1) 2.051(1) 2.048(1) 
OIB 2.072(1) 2.070(1) 2.073(1) 2.069(1) 2.068(1) 
OlA' 2.153(1) 2.153(1) 2.154(1) 2.150(1) 2.150(1) 
OIB' 2.185(1) 2.184(1) 2.184(1) 2,183(1) 2.181(1) 

<Ml-0> 2.089 2.089 2.089 2.087 2.086 
-

02B 2.032(1) 2.032(1) 2.036(1) 2.033(1) 2.033(1) 
02A 2.099(1) 2.100(1) 2.101(1) 2.101(1) 2.101(1) 
GIB 2.123(1) 2.123(1) 2.123(1) 2.123(1) 2.124(1) 
OlA 2.154(1) 2.153(1) 2.154(1) 2.155(1) 2.152(1) 
03A 2.329(1) 2.330(1) 2.329(1) 2.331(1) 2.328(1) 
03B 2.536(1) 2.538(1) 2.540(1) 2.536(1) 2.536(1) 

<M2-0> 2.212 2.213 2.214 2.213 2.212 
SiA -

02A 1.593(1) 1 59^( ) 1.594(1) 1.593(1) 1.591(1) 
OlA 1.612(1) 1 612( 1 1.612(1) 1.613(1) 1.612(1) 
03A 1.648(1) 1.646(1) 1.648(1) 1.646(1) 1.645(1) 
03A' 1.665(1) 1.666(1) 1.666(1) 1.664(1) 1,663(1) 

SiA -br 1.657 1.656 1.657 1.655 1.654 
SiA - nbr 1.603 1.603 1.603 1.603 1.602 
<SiA-0> 1.630 1.629 1.630 1.629 1.628 

3Lo -
02B 1.591(1) 1.592(1) 1.591(1) 1.59(1) 1.591(1) 
OIB 1.618(1) 1.619(1) 1.619(1) 1.62(1) 1.619(1) 
03B 1.669(1) 1.669(1) 1.669(1) 1.67(1) 1.663(1) 
03B' 1.675(1) 1.674(1) 1.675(1) 1.672(1) 1.673(1) 

SiB -br 1.672 1.672 1.672 1.671 1.668 
SiB - nbr 1.605 1.606 1.605 1.605 1.605 
<SiB-0> 1,638 1.639 1.639 1.638 1.637 



TABLE 3. 3 
Initial (I) and adjusted (adj) compositions of the donpeacorite sample (DPI) used for 
annealing experiments. Standard deviation (esd) from the mean are in parenthesis. 

Sample DPI (I) DPI (adj) 

Si 1.9895(50) 1.9969 
A1 0.0073(40) 0.0030 
Ti 0.0005(10) 0.0015 
Mg 1.4379(70) 1.4325 
Fe 0.0000 0.0000 
Mn 0.5446(50) 0.5415 
Ca 0.0250(20) 0.0245 
Na 0.0007(10) 0.0000 

Total 4.006 4.000 

Charge 11.998 12.000 

A1(T)§ 0.007 0.003 

A1(M)^ 0.000 0.000 

d(chr(M))'' 0.000 0.003 

-0.007 0.000 

M-cations 2.009 2.000 

XMn'" 0.275 0.274 

^Al(T): A1 in T site; A1 (M): A1 in M site. 

^^d(chr(M)): excess positive charge in M 

site due to the substitution for 2" cations. 

d(M-T): difference between the charge 
excess in M site and the charge deficiency 
in T site. 

* XMn= nMn/(nMn+nMg), where 
n = number of moles. 
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TABLE 3. 4a 
Atomic coordinates for the untreated DPI sample. The data for the sample analyzed by 
Petersen et al. (1984) are reported for comparison. Standard deviations (esd) are in 
parenthesis. 

sample DPI ''Petersen 

Ml 
X 0.37530(2) 0.37510(10) 
y 0.65010(4) 0.65430(20) 
z 0.87230(8) 0.87210(30) 

Biso 0.5218 
M2 

X 0.37762(1) 0.37760(10) 
y 0.47989(3) 0.48010(20) 
z 0.36852(5) 0.36840(30) 

Bjso 0.7519 
SiA 

X 0.27102(2) 0.27120(10) 
y 0.34120(3) 0.34120(10) 
z 0.04763(6) 0.04840(30) 

Biso 0.4224 
SiB 

X 0.47494(2) 0.47490(10) 
y 0.33794(3) 0.33820(10) 
z 0.79557(6) 0.79490(30) 

Biso 0.4331 
OLA 

X 0.18322(4) 0.18330(20) 
y 0.33835(9) 0.33790(30) 
z 0.04092(16) 0.04070(70) 

Biso 0.4471 
02A 

X 0.30974(4) 0.30990(20) 
y 0.50196(9) 0.50220(30) 
z 0.04548(16) 0.04670(60) 

Biso 0.6249 
03A 

X 0.30222(4) 0.30170(20) 
y 0.22933(10) 0.22920(40) 
z 0.82166(16) 0.82220(70) 

Biso 0.7016 

OIB 
X 0.56305(4) 0.56320(20) 
y 0.33850(9) 0.34020(30) 
z 0.79752(16) 0.79810(70) 

Biso 0.5493 



TABLE 3.4a. Continues 

sample DPI 'Petersen 

02 B 
X 0.43529(5) 0.43490(20) 
y 0.48760(9) 0.48720(40) 
z 0.70173(17) 0.70280(70) 

Biso 0.7595 
03B 

X 0.44758(4) 0.44750(20) 

y 0.20399(10) 0.20500(40) 

z 0.59139(16) 0.59020(70) 

Biso 0.7016 

* Data from Petersen et al., 1984. 



TABLE 3. 4b 
Atomic coordinates for DPI for the different heating treatments. Standard deviations 
(esd) are in parenthesis. 

heating treatment 980"C; DIS 900"C DIS 904TORD 856°C ORD 806"C: ORD 

Ml 
X 

y 
z 

®iso 
M2 

X 

y 
z 

Biso 
SiA 

X 

y 
z 

Biso 
SiB 

X 

y 
z 

BISO 
OlA 

X 

y 
z 

BISO 
02A 

X 

y 
z 

Bjso 

03A 
X 

y 
z 

Biso 
OIB 

X 

y 
z 

Bjso 

0.37541(2) 
0.65383(4) 
0.87209(6) 

0.4555 

0.37744(1) 
0.48056(3) 
0.36819(4) 

0.6798 

0.27114(2) 
0.34110(3) 
0.04843(5) 

0.3508 

0.47477(1) 
0.33774(3) 
0.79486(5) 

0.3591 

0.18343(4) 
0.33862(7) 
0.04032(14) 

0.4475 

0.30988(4) 
0.50158(8) 
0.04639(15) 

0.5699 

0.30235(4) 
0.22899(8) 
0.82249(14) 

0.6058 

0.56286(4) 
0.33919(8) 
0.79654(14) 

0.5044 

0.37542(2) 
0.65387(5) 
0.87215(7) 

0.5294 

0.37743(1) 
0.48061(3) 
0.36829(5) 

0.7595 

0.27114(1) 
0.34111(4) 
0.04843(6) 

0.4242 

0.47481(1) 
0.33777(4) 
0.79492(6) 

0.4258 

0.18342(4) 
0.33867(10) 
0.04050(15) 

0.4475 

0.30982(4) 
0.50160(10) 
0.04651(16) 

0.6283 

0.30228(4) 
0.22905(11) 
0.82286(16) 

0.6873 

0.56293(4) 
0.33911(10) 
0.79670(15) 

0.5532 

0.37541(2) 
0.65387(4) 
0.87216(8) 

0.453 

0.37742(1) 
0.48057(3) 
0.36833(5) 

0.6935 

0.27114(1) 
0.34107(3) 
0.04833(7) 

0.3639 

0.47448(1) 
0.33776(3) 
0.79497(7) 

0.3565 

0.18343(4) 
0.33864(9) 
0.04059(18) 

0.4479 

0.30987(4) 
0.50165(9) 
0.04640(18) 

0.5762 

0.30231(4) 
0.22897(10) 
0.82264(17) 

0.6158 

0.56294(4) 
0.33916(9) 
0.79617(18) 

0.5025 

0.37537(2) 
0.65390(5) 
0.87221(8) 

0.4741 

0.37747(1) 
0.48048(3) 
0.36825(5) 

0.7159 

0.27113(2) 
0.34110(4) 
0.04828(6) 

0.3798 

0.47480(2) 
0.33782(4) 
0.79504(7) 

0.3843 

0.18336(4) 
0.33845(10) 
0.04042(17) 

0.4474 

0.30983(4) 
0.50166(10) 
0.04622(18) 

0.596 

0.30223(4) 
0.22917(11) 
0.82235(17) 

0.6328 

0.56299(4) 
0.33903(10) 
0.79668(17) 

0.5212 

0.37537(2) 
0.65388(4) 
0.87211(8) 

0.4982 

0.37748(2) 
0.48038(3) 
0.36831(5) 

0.7196 

0.27112(2) 
0.34111(3) 
0.04829(6) 

0.3896 

0.47480(2) 
0.33782(3) 
0.79509(7) 

0.3921 

0.18333(5) 
0.33863(9) 
0.04025(17) 

0.4468 

0.30981(5) 
0.50159(9) 
0.04607(17) 

0.6084 

0.30224(5) 
0.22911(10) 
0.82245(17) 

0.6544 

0.56299(5) 
0.33892(9) 
0.79688(17) 

0.5149 



TABLE 3.4b. Continues 

heating treatment gso^c Dis 900"C DIS 904°C ORD 856°C ORD S06°C ORD 

02B 
X 0.43490(4) 0.43493(4) 0.43494(4) 0.43495(5) 0.43501(6) 
y 0.48658(8) 0.48675(11) 0.48667(9) 0.48674(11) 0.48701(9) 
z 0.69994(15) 0.70004(17) 0.70069(19) 0.70045(18) 0.70056(9) 

B,so 0.6916 0.7622 0.7356 0.7196 0.7434 
03B 

X 0.44776(4) 0.44773(4) 0.44781(4) 0.44769(4) 0.44774(5) 
y 0.20331(9) 0.20355(11) 0.20351(10) 0.20372(12) 0.20373(10) 
z 0.59138(14) 0.59141(15) 0.59125(17) 0.59169(17) 0.59118(17) 

®iso 0.5936 0.7044 0.6256 0.6291 0.6875 
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TABLE 3. 5a 
Site occupancies for M1 and M2, -inko, and statistics for the structural refinements for 
DPI for the relevant heating treatments. The time in hours (hrs) indicates the total 
annealing time for each experiment. Standard deviations (esd) arc in parenthesis. 

Heating treatment ^XMn(Ml) ®XMn(M2) -Inkn CJ(LIIKD) §§G0F R(Fo)w% 

(annealing time) 
untreated 0.0103(18) 0.5445(18) 4.7437 (1723) 1.05 2.1 

980'-'C DIS (120hrs) 0.0686(15) 0.4849(15) 2.5480 (217) 1.05 2.7 

900°CDIS (72lirs) 0.0624(17) 0.4912(17) 2.6746 (276) 1.06 2.4 

904"C ORD (72hrs) 0.0616(16) 0.4921 (16) 2.6919 (251) 1.04 2.9 

856X ORD (456111S) 0.0567(16) 0.4971 (16) 2.8000 (280) 1.05 2.7 

806°C ORD (720i]rs) 0.0527(18) 0.4989(18) 2.8846 (322) 1.04 2.8 

^ XMn(Ml) =Mn(Ml)/[ (Mn(Ml)+Mg(Ml)], and similarly for M2 

GOF goodness of fit 



TABLE 3. 5b 
Site occupancies for the untreated DPI sample determined without bulk chemical constraints, compared to the results of 
Petersen et al. (1984). The table also lists some parameters relevant to the data collections and structural refinements. Standard 
deviations in parenthesis. 

Sample ^Mn(Ml) ^Mii(M2) -Inko 20 Ind. R(Fo)sym% R(Fo)% 

Reflex. 

DPI 0.0159 (27) 0.5431 (27) 4.2982(1692) 80 2449 TFl 2.6 
Petersen et al. 1984 -0.0200(100) 0.5300(100) n.a. 55 801 - 5.0 

^ S.o.f. Site occupancy function recovered without chemical constraints and assuming binary composition. 

Inko "crystallographic" kp does not take into account the full chemical composition. 

No. Ind. Reflex. Number of independent reflections. 

o\ 
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TABLE 3. 6 
Conditions of annealing experiments and results of site occupancy refinement obtained by 
partitioning only Fe. The intensity data for the annealing experiments were collected by Stimpfl 
et al. (1999). Values of Inky, (kn* = (Fe*/Mg)^V(Fe*/Mg)^^) are taken from Stimpfl et al. (1999) 
for the relevant annealing experiments. A(lnkD) = (Inko* - Inkp); the standard deviations are in 
parenthesis. 

Sample Heating treatment XFeMl XFeM2 -Inko G(lnkD) ® -lnkn« A(lnko's) 

SJN (FS14DP0.9) - 700"C ORD 0.0319(12) 0.2535(12) 2.3321(391) 2.3784 -0.0463 

SNJ - 750"C DIS 0.0360(17) 0.2492(17) 2.1857(498) 2.2089 -0.0232 

SNJ - 750°C ORD 0.0362(8) 0.2492(8) 2.1794(239) 2.2148 -0.0354 

SNJ - 800°C DIS 0.0411(9) 0.2441(9) 2.0191(218) 2.0724 -0.0533 

ST77 (FsjgDpo.g ) - 700"C DIS 0.0352(10) 0.2779(10) 2.3562(285) 2.3179 0.0383 

ST77 - 700"C ORD 0.0353(9) 0.2777(9) 2.3513(252) 2.3702 -0.0189 

ST77 - 800°C DIS 0.0474(10) 0.2654(10) 1.9827(211) 2.0096 -0.0269 

ST77 - SOOT ORD 0.0469(10) 0.2660(10) 1.9966(214) 2.0229 -0.0263 

ST77 * - 900°C DIS 0.0545(9) 0.2580(9) 1.7972(175) 1.8180 -0.0208 

ST77* - 900"C ORD 0.0543(10) 0.2582(10) 1.8019(564) 1.8257 -0.0238 

ST77* -1000"C DIS 0.0628(10) 0.2496(10) 1.6018(159) 1.6604 -0.0586 

H028 (FsjiiDpo; ,)- 550°CDIS 0.2272(10) 0.7986(10) 2.6017(81) 2.6133 -0.0116 

H028 - 550"C ORD 0.2330(10) 0.7926(10) 2.5323(75) 2.5411 -0.0088 

H028 - 650°CDIS 0.2581(10) 0.7667(10) 2.2456(66) 2.2545 -0.0089 

H028 - 650''CORD 0.2598(10) 0.7650(10) 2.2273(65) 2.2393 -0.0120 

11028 - 750°CDIS 0.2851(10) 0.7389(10) 1.9597(64) 1.9743 -0.0146 

^®H028 - 750°CORD 0.2862(11) 0.7378(11) 1.9485(63) 1.9571 -0.0086 

1102 8 - 850"C DIS 0.3098(11) 0.7134(11) 1.7131(61) 1.7308 -0.0177 
^ Equilibrium values as in Stimpfl et a. (1999). 
* For these temperatures Mn was partitioned a priori in Ml and M2 according to equation (3). 

The lnk|). for this isotherm is misreported in Stimpfl et al. 1999; here we report the correct 
value. 



68 

TABLE 3. 7 
Comparison of effect of partit ioning methods (Fe vs. Fe*) on cooling rates computed for 
orthopyroxenes of two different compositions. The composition of each sample is 
reported in parenthesis next to the sample's label. 

Sample SJN24 (FsnDpo.g) GRO1 

Part. Meth. ^Fe* Fe only ^^Fe* Fe only 

°C/My 201 696 135 134 

^ Data from Ganguly and Stimpfl (2000). 

Data from Stimpfl and Ganguly (2002). 
Part. Meth. Partitioning method. 



CHAPTER 4: KINETICS OF FE'' -MG ORDER/DISORDER REACTION IN 
ORTHOPYROXENE: TEMPERATURE, COMPOSITIONAL AND FO2 

DEPENDENCE AND APPLICATION. 

INTRODUCTION 

Order/Disorder (0/D) reactions are solid-state reactions that involve the 

redistribution of cations between different non-equivalent 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 (fOa). Because 

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

intracrystalUne 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.). Ghose (1960, 1965) discovered that in orthopyroxene, Fe and Mg fractionate 

between two non-equivalent crystallographic sites. Ml and M2. Similar intracrystalline 

Fe-Mg fractionations are also known in amphibolcs (Ghose 1965b). Mueller (1967, 1969) 

recognized the potential of intracrystalline Fe-Mg fractionation in minerals as recorder of 

the Temperature-time (T-t) history of the rocks and developed the kinetic fomiulation 

within the framework of absolute reaction rate theory. This work was later extended by 

others especially Ganguly (1982) and Sha and Chappel (1996). 

The O/D reaction in orthopyroxene has been utilized to reconstruct the cooling 

rates in the low temperature range (600-200°C) for terrestrial and extraterrestrial rocks 

(e.g. Ganguly et al. 1994; Ganguly and Domeneghetti 1996; Kroll et al. 1997; Zema et al. 

1997; Heinemann et al. 2000; Ganguly and Stimpfl 2000). Because O/D reaction 



quenches at low temperatures it represents a complementary tool to techniques that 

investigate higher temperature ranges such as modeling of compositional zoning, thus 

allowing reconstruction of the T-t history over a wide T range. Furthermore, because 

cooling rates can be used to model exhumation rates (e.g. Ganguly et al. 2000), the O/D 

reaction has potential application to tectonic studies as well. Given the growing number 

of studies that focus on the determination of the erosion rates of mountains ranges in the 

low temperatures range (< 300"C; Farley et al. 2001; Fagliazza et al. 2001; Vance et al. 

2003), the O/D reaction represents an independent tool that can help constrain erosion 

rales. 

The kinctics of Fe-Mg O/D in orthopyroxene was investigated earlier by a number 

of workers (e.g. Besancon 1981; Anovitz et al. 1988; Saxena et al. 1987, 1989; Sykes-

Nord and Molin 1993, Skogby 1992). As determined by Ganguly and Tazzoli (1994), 

some of the earlier kinetic data were obtained without appropriate control of fO^. Also a 

major portion of kinetic data that are commonly used are based on site occupancy data 

determined by Mossbauer Spectroscopy in the very early phase of its application to this 

type of problems. 

Furthermore, there has been no published investigation of the f02 dependence of 

the O/D reaction in orthopyroxenes; instead a 1/6 power dependence of rate constants on 

fOa, which follows from theoretical analysis and confirmed for olivine by Buening and 

Buseck (1973) and other workers, has been arbitrarily applied to account for the 1D2 

effect of the rate constants. Thus, it seemed desirable to re-visit the problem of Fe-Mg 

O/D kinetics in orthopyroxene at controlled f02 condition. 



In this work we report the results of an experimental study on the kinetics of the 

O/D reaction in orthop>Toxene as a function of T, X, and fOi, utilizing single crystal X-

ray diffraction (XRD) method for the determination of site occupancies. In recent years 

diffraction methods have been used more widely than Mossbauer Spectroscopy for 

determining the site occupancies in orthopyroxenes. This shift in technique is probably 

due to the higher availability of diffractometers 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. 

KINETICS OF THE ORDER/DISORDER REACTION 

Mueller (1967, 1969) described the kinetics of intracrystalline ordering in 

orthopyroxene by treating the fractionation of these cations over the two non-equivalent 

sites as a second-order homogeneous exchange reaction: 

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

respectively. 

Following Mueller (1967, 1969) the rate equation for (1) can be written with 

respect to the change of XFc(M2) - partial molar fraction of Fe in M2 - as a function of 

time, as follows; 

K'^-> 
F e { M 2 )  +  M g { M \ )  ^  F e { M \ )  + M g { M 2 ) ,  (1) 

Pe \rM-1 \rA41 v'iWZ 
——— = fMlMl^Fe ^Mg-^ l-e ^ Mg J- (2) 



where q = [Fe(Ml)+Mg(Ml)]/(Fe +Mg), and represents the fraction of Ml sites involved 

in the exchange reaction; and and ^mimi are activity coefficients that describe the 

non-ideal mixing behavior of the exchange reaction and are a function of T and X of the 

j v M 2  
system. At equilibrium = 0 and for an ideal exchange reaction, equation (2) 

dt 

can be written as: 

Y A/1 y M 2 1 
^ F e  ^ M g  A 
v M 2  y M l  ~  A A \.fg K' 

(3) 

The left hand term of equation (3) is known as the intracrystalline distribution coefficient 

or ko, and can be measured by means of XRD or Mossbauer Spectroscopy. 

For isobaric and isothermal ordering processes, the rate constant C,X is described 

by the equation (Mueller 1967, 1969; Ganguly 1982); 

- C o K ^ M  =  
1 

{b^ -4acJ 
12 

In 
l a X p J -  + h ] - [ h ^  - 4 a c f  

12 

laXp^ +^)+(&^ ~Aac 
12 

. M l  
^ F e  ( t )  

when i l a X p f '  + h f  >  { h  -  4 a c ) ;  

while for isobaric and isothermal disordering processes: 

C o K ^ A t  =  

( h - - 4 a c j  
12 

In 
4ac 

n 
-\2aX^/ +b 

{2aXf:{~ +b)+{b'^ ~4acj 
n 

wheni^aXpg^ +b\ < {b - 4ac). 

(4) 

(5) 



In equation (4) and (5) a, h, and c are all constants at a given temperature and 

depend on the equilibrium fractionation (ko) and the bulk composition of the crystal 

p and q are the fraction of the total number of sites (Ml and M2) involved in the O/D 

reaction and typically for binary solutionsp=q=-Q.5. 

Within the framework of the above theory, the K' derived from equation (4) 

indicated henceforth as K"^ord (forward kinetic constant derived from the ordering 

experiments), and that derived from equation (5) or K^ois (forward kinetic constants 

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

Equation (4) can be recast to describe the change in site occupancies as a function 

of time as follows (Ganguly 1982); 

Equations (4-6) are used to recover kinetic constants from isothermal experiments 

and continuous cooling experiments, and also to calculate cooling rates for natural 

samples once the kinetic constants for the O/D reaction are calibrated as f(T,X,f02). 

(XjFg). In particular, a  =  p { l - k j } ] ,  h  ̂  q - X  +  { k [ ) )  ' ^ { X p ^ +  p )  and c  =  - k j j X  p g ;  

(6) 

where F=exp[-CoK"'At(b"-4ac)'']; 



PREVIOUS EXPERIMENTAL WORK 

The kinetics of the O/D reaction has been studied by means of XRD {Saxena ct a). 

1987, 1989; Sykes-Nord and Molin 1993) and Mossbauer Spectroscopy (Bcsancon 1981; 

Anovitz et al. 1988; Skobgy 1992). However, of these studies only Besancon (1981) and 

Anovitz ct al. (1988) conducted the experiments as a function of T, X and at a defined 

f02- Ganguly and Tazzoli (1994) used the kinetic data of Besancon (1981) and Anovitz et 

al. (1988) to asses the compositional and temperature dependence of the forward rate 

constant, K ' , of the O/D reaction. Their optimized Arrhenian relation is as follows: 

InA'^ = -l!^min"V(26.2 + S.OXFe), (7) 
T { K )  

which refers to an fO^ at ~0.81og units above the WI buffer. According to (7) the 

compositional dependence of the kinetics of the O/D reaction is totally absorbed in the 

pre-cxponential term. The same relation has been observed for the diffusion coefficient of 

Fc-Mg in olivine as a function of X (Morioka and Nagasawa 1991). 

Calibration (7) has been used to recover cooling rates for host rocks based on the 

ordering state of natural orthopyroxenes (e.g Zema et al. 1997; Heinemann ct al. 2000). 

However, Kroll ct al. (1997) while reviewing the available kinetic data pointed out some 

inconsistencies between the original data of Besancon (1981) and Anovitz (1988) and 

their recalculated kinetic constants. In particular, for Besancon (1981) the rate constants 

recalculated by Kroll et al. (1997) are about a factor of 2 smaller than those presented 

originally by Besancon (1981), due to a different definition of used by Bcsancon 

(1981). While this different definition of K does not affect substantially the activation 
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energies, it affects the pre-exponential factor, shifting the calibration of ~0.691n units in 

the InK^ vs. 1/T space. For the data of Anovitz et al. (1988), Kroll et al. (1997) reported a 

major discrepancy between the experimental data of Anovitz et al. (1988) and the rate 

constants they derived from the original data. The original data of Anovitz et al. (1988) 

for the isotherm 500°C and the refitted relation to these data according to Kroll et al. 

(1997) are illustrated in Figure 4.1; also shown in this figure is the relation between 

XFe(M2) and time that can be calculated from the Arrhenian expression of the rate 

constant given by Anovitz el al. (1988). For this discrepancy, Kroll et al. (1988) have no 

explanation. Given that the calibration of Ganguly and Tazzoli (1994) is based on the 

data of Besancon (1981) and Anovitz et al. (1997), one should keep in mind that the 

optimized relation presented by these authors suffers from the problems in the chosen 

data sets. 

Ganguly and Stimpll (2000) carried out continuous cooling experiments at 

controlled cooling rates and retrieved Arrhenian parameters of the rate constant, K\ such 

that the quenched site occupancies are reproduced in the calculated evolution of site 

occupancies as a function of time. They used XRD technique and a point diffractometer 

to determine the site occupancies after each experiment, with bulk compositional 

constraints. This rate law was used to calculate the cooling rate for orthopyroxenes 

separated from two stony-iron meteorites. The difference between the data of Ganguly 

and Stimpfl (2000) and Ganguly and Tazzoli (1994) for the same composition is quite 

large. 



EXPERIMENTAL PROCEDURE 

To evaluate the effect of composition and f O j  on the kinetics of O/D reaction in 

orthopyroxene we conductcd a series of experiments using two different compositions 

(FSI6 and Fsjo) and different oxidation conditions. Kinetic constants were recovered using 

two different techniques: isothermal annealing as a function of time and continuous 

cooling. The second procedure, in which the site occupancies change by progressive 

ordering, as in a cooling natural system, permits the retrieval of the Arrhenian parameters 

from fewer experiments compared to the isothermal annealing experiments. Site 

occupancies were determined by means of XRD and structural refinement using the bulk 

chemical constraints. The chemical composition for each crystal used in this work was 

determined from electron microprobe data after all the kinetic experiments were 

completed. 

Modeling of the data from the isothermal annealing experiments allowed 

determination of the kinetic constants at each temperature from which, for a fixed 

composition, we generated an Arrhenian relation in the form: 

lnA'+ =--^+lnA'o, (8) 
RT " 

where Q is the activation energy in kcal/mol, fCo is a constant in unit of t"', R is the gas 

constant and T is the temperature in Kelvin. 

Modeling of the evolution of site occupancies measured from the continuous 

cooling experiments, on the other hand, allows recovering the parameters of equation (8) 

directly. 



STARTING MATERIAL 

The low-Fe sample (Fsu,) was separated from the stony iron meteorite Steinback 

and labeled ST5, while the high-iron orthopyroxenes (Fsso) were separated from a 

granulite- facies sample from the Khtada Lake Metamorphic Complex within the Central 

Gneiss Complex, British Columbia, Canada (Hollister 1982; sample TPR-30F). These 

Fe-high samples were labeled HOX, where X is a reference number. Of the samples used 

in this study, sample ST5 was previously used to determine the kinetic constants by 

continuous cooling experiments (Ganguly and Stimpfl 2000) and sample H028 was used 

to determine the equilibrium fractionation of Fe-Mg by Stimpfl et al. (1999). 

ELECTRON MICROPROBE ANALYSES 

Elemental compositions of all crystals, except ST5 and H028, were calculated in 

this study by averaging a large number of spot analyses determined by a CAM EC A SX50 

electron microprobe (EMP) with a wavelength dispersive spectrometer (WDS) system 

using 15kV accelerating voltage, 20nA beam current and 30s counting times for both 

peak and background measurements. Abundance of the elements Si, Ca, Ti, Cr, Al, Mn, 

Na, Mg, and Fe, were calculated based on the following standards: synthetic diopside for 

Si and Ca, ilmenite for Ti, synthetic chromite for Cr, synthetic pyrope for Al, synthetic 

spessartine for Mn, natural albite for Na, synthetic enstatite for Mg, and synthetic 

ferrosilite for Fe. All specimens used were found to be homogeneous within the 

resolution of the microprobe. The compositions for ST5 and H028 were previously 



determined by Ganguly and Stimpfl (2000) and Stimpfl et al. (1999), respectively. The 

composition of all the samples, including ST5 and H028 are reported in Table 4.1. 

A statistically most-probable bulk composition for each crystal was determined by 

projecting the average concentration of each element, weighted by its respective standard 

errors, on to the n-dimensional surface that satisfies the crystal chemical constraints for 

orthopyroxene. This method is based on the work of Dollase and Newman (1984) and is 

described in detail by Stimpfl et al. (1999). The average and the statistically most-

probable bulk composition (referred to as adjusted compositions) arc summarized in 

Table 4.1. For all crystals, the adjusted composition of each element was found to be 

within one standard error (la) of its average composition. 

X-RAY DATA COLLECTION AND REFINEMENTS 

X-ray intensities were collected for the untreated samples and after each heating 

experiment. Data collections were acquired both on a point-detector diffractometer (PD) 

and a modem charge-coupled device equipped diffractometer (CCD). To identify 

individual experiments, we append the sample label with the XRD data file identification 

number. 

PD data collection 

Single crystal X-ray intensity data were obtained with either a Siemens AED 11 or 

a NONIUS CAD-4 four-circle automated diffractometcr using MoKa radiation (graphite 

monochromator). Equivalent pairs hkl and and h k I were measured using (o scan mode in 



the 0 range 1.5" to 30° or 35°. After correcting X-ray intensities for Lorentz, polarization 

and absorption factors (North et al. 1968) the values for equivalent pairs were averaged in 

the Laue class mmm. For ST and HO crystals, violations of the ?bca extinction conditions 

were not observed. 

CCD-diffractometer data collection 

Single crystal X-ray intensity data were obtained with a Bruker SMART 1000 

diffractometer with CCD area detector using a graphite-monochromated Mo Ka (X = 

0.71073A) radiation at room temperature. Data were collcctcd between 0 and 40° or 42° 

in 0 using the Bruker SMART software package (Bruker 1997b). A total of 4948 frames 

were collected for each sample. Each frame consisted of ® scan of 0.15° width and an X-

ray exposure time of 10s. The data sets were collected covering from 3° to -80° or -85° in 

20 with a highest resolution of sin0tnax/^=O.95. The data were collected in multirun 

mode, where six runs were selected to maximize randomness; of these, 2 short runs of 50 

frames were used to monitor decay of X-ray intensity. The CCD area-detector was 

positioned at a distance of 5.36 mm from the crystal to covcr a section of about 52° for all 

the samples except HOI 1-73 and HOI 1-74. For these two samples the distance was set at 

5.00 mm to cover a section of -55°. All CCD data were collected at room temperature 

except for run HOI 1-101 which was collected at 110°K to evaluate if the reduction of 

thermal vibration leads to any significant improvement in the determination of site 

occupancies of a Fe-rich orthopyroxene 



Post-data collection box optimization and narrow frame algorithm of the Bruker 

SAINT software (Bruker 1997a) were chosen as integration conditions because of the 

sharpness of the peaks; for all the runs the results of the box optimization algorithm 

converged. To adjust for possible crystal translations (which were not detected), the 

orientation matrix was updated with a frcqucncy of 303 frames and no crystallographic 

constraints were imposed on the orientation matrix. Lorentz and polarization corrections 

were also applied. 

A total of -12.600 reflections were collected for each sample, with the exception 

of HOI 1-73 and HOll-74 for which we collected -14,000 reflections. The reflections 

were integrated in the space group Pbca. For all data sets, the highest and lowest 

redundancy were -7 and -4, respectively. The observed reflections were corrected for 

}J2 factor and absorption using the program SADABS (Sheldrick 1996). Merging and 

averaging of equivalent reflections were performed in the Laue point group mmm using 

the program SORT A V (Blessing 1987). No violations of the Vbca extinction conditions 

were observed for any crystal. A total of-2,500 independent reflections were generated 

after merging the data. Lastly, unit cell parameters were refined constrained to 

orthorhombic symmetry using Bruker SAINT software (Bruker 1997a). 

Structural refinement 

Site occupancies were refined with the program RFINE90 (Finger and Prince 

1975), using FQ generated from the observed Fo' by the program BAYES (Blessing 

1987), ionic scattering factors, and bulk compositional constraints. The procedure for site 



occupancy determinations can be found in Stimpfl et al. (1999) and will not be discussed 

in detail here. The only modification to those procedures was our treatment of Mn. Based 

on the work of Hawthorne and Ito (1978) Mn and Fe have been traditionally fractionated 

as one single species, Fe*. However, new experimental data on the fractionation behavior 

of Mn in Donpeacorite (Mgi,43Mno,54Cao,3Si206) show that Mn orders almost exclusively 

to M2 (Stimpfl 2003, Chapter 3). Consequently, we partitioned only Fe and kept Mn 

totally ordered to M2. 

KINETIC EXPERIMENTS 

For the kinetic experiments, samples were placcd in a small gold capsule 

positioned on top of another gold tube which contained the fOi buffer; both capsules 

were sealed at one end. These were sealed together within a silica glass tube (Figure 4.2). 

We attempted to control fO? using the powdered buffers: Wtistite -Iron (WI; Fe +1 /20: = 

FeO) and Nickel-Nickel Oxide (NNO; Ni +I/2O2 - NiO). NNO defines a higher fOa than 

WI (~ Slog units at 1000°C). For most runs we evacuated the silica tube and filled it with 

Argon; in all other instances we just sealed the tubes with the sample and atmospheric 

gas. In the relevant tables these conditions are indicated as "ARGON" or "AIR". The 

charge was placed into a preheated oven and following the run quenched by dropping it 

into cold water. Temperature was monitored by a Pt-Rh thermocouple placed beside the 

charge for all experiments, and at regular intervals recorded to a file. After each 

experiment, the ordering state was determined by XRD. 



These procedures were followed for all experiments except ST5-113, HOI 1-109 

and HOI 1-108. For ST5-113 and HOI 1-109 the silica tube holding the sample and buffer 

capsule (Figure 4.2) was substituted by a sealed gold tube. For HOI 1-108 we used only 

iron (Fe) instead of the buffer mixture of Wl. The rationale for these modifications to our 

standard procedure is discussed in a later section. 

We checked the buffers at the end of most experiments by means of X-ray powder 

diffraction to confirm the presence of both phases. Because of severe sintering of the Wl 

mixture, it proved too difficult for some sample to check for the presence of both phases 

at the end of the experiment. However, based on the evidence from other samples, we 

assume that fOa in these samples were controlled at Wl buffer condition. 

Isothermal experiments 

The experimental charge (Figure 4.2) was placed in a preheated oven for a period 

of time less than that required to achieve the equilibrium configuration. After quenching 

and XRD data collection the sample was again placed in the oven at the same 

temperature. This procedure was repeated until site occupancies reached a steady state 

value. Kinetic constants were determined from both ordering and disordering 

experiments at several temperatures, using crystals that were pre-annealed at temperature 

that was, respectively, higher and lower than the temperature of the experiment. 

Six crystals were used for these experiments: H028, H039B, HO 13, HO 14, 

HOI 5, H08. For H028, H039B, HO 13 and HO 14 the experiments were conducted at a 

f02 defined by the Wl buffer. H028 was first used for disordering experiments at 550, 



650, 750°C, and then after equilibration at 850"C, the same crystal was used to determine 

the kinetic constant for the ordering process at 650 and 550°C. H039B was equilibrated 

at 850"C, and then ordered at 750°C and 580°C. The kinetic constant at 580°C was 

determined from a series of disordering experiments using HOI 3. One single ordering 

experiment was conducted using HO 14 at 580"C at the Wl. 

The kinetic constant at the NNO buffer were computed from experiments 

conducted at 580°C from a series of ordering anneals using H08. Also one disordering 

experiment at NNO buffer at 580°C was carried out with sample HOI5. Details of 

experimental conditions are found in Table 4.2. 

Continuous cooling 

For the continuous cooling experiments a crystal was first annealed at a fixed 

temperature for enough time to allow the site occupancy to reach the equilibrium 

distribution, and then cooled at a programmed rate. After each experiment we analyzed 

the T-t data and fit a cooling curve to the data. The cooling curves were modeled by 

either an exponential relation: 

T(K)=To(K)exp-«' (9) 

or linear relation; 

T(K) = To(K) -pt, (10) 

where To(K) is the annealing temperature in Kelvin, and a and P are cooling constants in 

Kt"'. These cooling constants were then used in modeling the evolution of the site 

occupancies. Detailed experimental conditions are summarized in Table 4.3. 
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RESULTS 

ISOTHERMAL EXPERIMENTS 

Site occupancies measured for the isothermal ordering and disordering 

experiments are listed in Table 4.2, and illustrated as a function of time in Figures 4.3 and 

4.4. 

The kinetic constants for each temperature were determined by regressing, using 

the program SPSS (11.5), the logarithmic term of equations (4) and (5) vs. time. The 

logarithmic term, referred as L, following Saxcna et al. (1987), was computed using 

equation (4) for the ordering experiments and from equation (5) for the disordering 

experiments, and was weighted according to [1/ai"] (a = estimated standard deviation). 

For the isothermal experiments Xpe^ito) and Xp/(t) (equations 4 and 5) are 

respectively, the site occupancies at the beginning and end of an experiment. In 

A / f O  
particular, X (to)'di each temperature coincides with the value of the equilibrium 

achieved in the previous isothermal experiment (labeled "•Equilibrium" in Table 4.2). 

Exceptions are the disordering experiments at 550°C (H028) and 580°C (HO 13 and 

h / f  7 
HO 15), where X(to ) corresponds to the fractionation value of the untreated (natural) 

sample. The values of kp at the temperature of the experiments needed to recover the 

parameters a, b, and c (equations 4-5), for the HO samples were computed using the 

following equation (Stimpfl 2003, Chapter 3): 

Inko = -2708(±0.58)/T(K) + 0.695(±0.058). (11) 



This equation represents a minor modification of the cahbration presented by 

Stimpfl et al. (1999) for the HO samples. In this modification, the site occupancies were 

recalculated from the X-ray intensity data of Stimptl et al. (1999) and following their 

procedure except for the partitioning of Mn. Unlike Stimpfl et al. (1999) who assumed 

that Mn partitions between M2 and Ml sites in the same way as Fe, we have assumed, on 

the basis of the results presented in Stimpfl (2003, Chapter 3), that Mn orders completely 

in M2 site. Relevant parameters to the modeling are listed in Table 4.4 for each sample. 

The kinetic constants computed from the isothermal experiments are reported in 

Table 4.5 for each isotherm. Along with the kinetic constants for the ordering and 

disordering process, in Table 4.5 we report the standard deviation for each and the 

adjusted R' value. 

Site occupancies as a function of time modeled using equation (6) and the K' 

listed in Table 4.5, are illustrated in Figures 4.3 and 4.4. Specifically, Figures 4.3a-c 

illustrate the result for isothermal experiments at 550°C, 650°C and 750°C, respectively, 

at the WI buffer. Figure 4.4 illustrates the results for the samples H013, HO 14, HO 15 

and H08 which were annealed at 580°C. H013 and HO 14 were annealed at WI buffer 

while HO 15 and H08 were annealed at NNO. 

The modeled evolution of the site occupancies as a function of time reveal some 

details worth noticing. First of all, the kinetic constants recovered from ordering and 

disordering process do not match for isotherm 550°C although in the theoretical 

formulation of Mueller (1967, 1969) a specific rate constant, either K"*" or K", should be 

independent of whether it was retrieved from ordering or disordering experiments. In 



Table 4.5 and in Figure 4.3a it is clear that the time required to reach equilibrium from 

the disordering experiments is shorter than that required from the ordering experiments 

(compare in Table 4.2 the total annealing time of H028-56 vs. H028-160). This 

discrepancy in equilibration time gives rise to ~ 1 log unit di fference between the kinetic 

constants, with faster that (Table 4.5). The experiments at 650°C seem to 

have the same trend; however, due to the scatter of the data the trend is relatively poorly 

constrained. For the disordering experiments (Figure 4.3b) the first datum is almost at the 

equilibrium value (Table 4.2 - compare H028-67 to H028-87), furthermore, it is not 

possible to fit simultaneously all the site occupancies measured at this temperature. For 

the purpose of this paper, we chose to use an average value of that was retrieved 

from the data set. For the ordering experiments (Figure 4.3b), the model cannot fully 

reproduce the value of all the observed site occupancies. Specifically, it cannot reproduce 

the latest points to indicate that the effective evolution of site occupancies slowed down 

somewhat, compared to their evolution at the beginning of the experiment. On the other 

hand, for the experiments at 750°C (Figure 4.3c, Table 4.5) there is no statistically 

significant difference between values retrieved from ordering and disordering 

experiments, i.e. . 

The results from the experiments at 580°C (Figure 4.4, Table 4.2) are quite 

surprising as well. In particular, the evolution of site occupancies as a function of time, 

seem not to be affected by the fOa within the charge. In Figure 4.4 is shown that 

XFe(M2) at -600 minutes coincides for the experiments conduced in NNO and WI for 



both ordering and disordering anneals. These data indicate that the point defects did not 

equilibrate within the T-t regime of the experiments because if they had, we would have 

observed different values of XFe(M2) for the two different buffering conditions. 

Arrhenius relations between logK^ and T are shown in Figure 4.5. The data define 

three discrete groups; 1) ordering experiments for H028 and H039B; 2) disordering 

experiments for H028; 3) data from ordering and disordering experiments conducted 

580°C at W1 and NNO plotting above the disordering trend. Linear regressions of the 

kinetic constants (Table 4.5) as a function of T in the form of equation (8) along with 

their standard deviation provided the following equations. For the ordering experiments: 

+ 31.12(±2.38) (R'=98%); (12) 

whereas for the disordering experiments: 

lnA"+.^ = - min'^ + 23.03(±1.02) (R' = 99%). (13) 
T ( K )  

Activation energies for the ordering and disordering process are ~70(±4)kcal/mole and 

~54(±2)kcal/mole, respectively. 

Data at 580°C were not used to generate equation (12) and (13) because they 

define a distinct cluster, separate from both calibrations. Also notice that in Figure 4.5, 

the kinetic constant derived at this temperature from both ordering and disordering 

experiments at NNO and WI buffers, coincide with the trend defined by calibration of 

Ganguly and Tazzoli (equation 7). 

In a subsequent section we present the rational for grouping the data in these 

clusters. 
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CONTINUOUS COOLING 

The quenched site occupancies in the continuous cooling experiments are listed in 

Table 4.3 along with To (initial annealing T), Tc (closure T) and the effective cooling rate 

for cach experiment; parameters relevant to the modeling are reported in Table 4.4. The 

modeled evolution of the site occupancies as a function of the T-t paths are illustrated in 

Figures 4.6 through 4.10. 

Modeling of the T-t evolution of the site occupancy in a continuous cooling 

experiment can also yield the activation energy and pre-exponential term for the 

Arrhenian relation of the kinetic constants. However, in this work we have used some of 

the data in continuous cooling experiments to check the Arrhenian parameters derived 

from the isothermal experiments. 

A continuous T-t path is simulated as a collection of isothermal steps with a step 

size of 5°C. The change of site occupancy in each step was calculated according to 

equation (6), where At(T) was recovered from the imposed cooling rate, assuming the 

initial site occupancy to be the same as the final site occupancy in the previous step 

(Ganguly 1982). Equation (6) also requires knowledge of ko vs. T to describe the 

evolution of equilibrium of the site occupancy. For the samples HO (Fs^o) we used the 

calibration given in equation (11) while for the sample ST5 (Fsu,) we used the calibration 

for Fs 11.75 in Stimpfl et al. (2003c, Chapter 1). 

In order to retrieve the K,, and Q values from a given sample, the evolution of the 

site occupancy of the samples for different T-t paths were modeled simultaneously by 



adjusting the Arrhenian parameters such that the objective function M, which is related to 

the difference between the calculated and experimental values of quenched site 

occupancies, is minimized. The objective function M is defined as: 

M=Swi(XFeM2exp-XFeM2caic)l (14) 

where the weighting parameter Wj is the inverse of the variance of the experimental value. 

Experiments in WI buffer for HO crystals (Fssn) 

The measured ordering states for the continuous cooling experiments at WI buffer 

for composition Fsso are listed in Table 4.3 and their modeled evolutions as a function of 

the T-t cooling paths are illustrated in Figures 4.6, 4.7 and 4.8. All experiments were 

conducted at f02 defined by the WI buffer. However, due to the experimental set up 

(Figure 4.2) there is also the possibility of an alternative buffering reaction that could 

shift the f02 from the desired WI buffer to the QFI (quartz-fayalite-iron), which defines a 

slightly more reducing condition than WI (~llog unit at 1000°C). We tested for this 

possibility by conducting one experiment using only Fc instead of a mixture of WI 

(HOI 1-108, see experimental part), and conversely for experiment HOI 1-109 we 

exchanged the SiOa tube for a gold tube to eliminate any source of SiOz. 

The results from the continuous cooling experiments at WI are presented in two 

separated groups on the basis of the effectiveness of equation 12 and 13 to describe the 

quenched site occupancies. The first group is represented by the experiments HOI 3-57 

through HOI 1 -74, while the second group is represented by the experiments HOI 1-88 



through HOI 1-104 (Table 4.3). The results of their modeling are shown in Figures 4.6 

and 4.7 for group 1; while Figure 4.8 shows the results for group 2. 

Group 1 

The results of modeling of the quenched site occupancies obtained by using the 

Arrhenian parameters from the ordering trend (equation 12), are illustrated in Figure 4.6. 

As seen in this figure, all the observed site occupancies are reproduced very well by the 

model (solid line), with the exception of HOI 1-74 (dotted line), which requires a faster 

kinetic response compared to that defi ned by the parameters of the ordering trend. 

In the experiments well reproduced by (12), is included also HO 11-109. This 

sample was sealed in a Au capsule with WI buffer; thus, the f02 for this experiment was 

controlled unambiguously by WI buffer. We believe that K>2 of other samples in this 

group, which were sealed in SiOa tube with a mixture of WI (Figure 4.2), was also 

controlled by the WI buffer. 

Figure 4.7 illustrates the modeled evolution of site occupancies using the 

Arrhenian parameters of equation (13), which was recovered from the disordering 

experiments, for the same experiments as in Figure 4.6. Only two data points are 

reproduced by equation (13) within la of their site occupancies (HOI 3-57 and HOI 1-74, 

solid lines) while HOI 1-79 is just missed by the modeled trend; in fact, for this datum, 

equation (13) suggests just a slightly faster rate law. 

Because of the higher numbers of data reproduced by equation (12), we conclude 

that this equation better describes the 0/D reaction at the WI buffer. 
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Group 2 

For a small group of continuous cooling experiments the quenched site 

occupancies were not reproduced by either equation 12 or equation 13. In both cases the 

model produces a more ordered configuration compared to the quenched site 

occupancies, i.e. XFe(M2)calc>XFe(M2)obs (Figure 4.8a, dotted line). This implies that 

the effective kinetics for these samples was slower than what predicted by equations (12). 

Thus we suspected that the f02 for these experiments was effectively controlled at the 

QFI buffer (Fe2Si04 = 2Fe + SiOi + O2) instead of the intended VVI buffer owing to 

reaction of iron in the buffer mixture with the enclosing silica tube. Indeed we found that 

the adjustment of the rate constant retrieved at WI buffer (equation 12) to that appropriate 

for QFI buffer, using the theoretical relation that cc 102"^ and the data from O'Neill 

(1988) and; O'Neill (1987a) to computed the change in fOa, leads to satisfactory 

modeling of the data for continuous cooling experiments for these group of samples 

(Figure 4.8a, solid line). An additional experiment, HOI 1-108, was conducted to 

determine unambiguously the evolution of site occupancy at QFI buffer by sealing the 

sample inside a silica tube only with iron, instead of both iron and wiistite. The quenched 

site occupancy of the experiment matches well with that calculated from the above f02 

adjusted rate constant (Figure 4.8a). 

Independent modeling of this data set form continuous cooling experiments 

shown in Figure 4.8b by minimizing the objective function M (equation 14), yields; 
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36202(±150) 
mm~' + 3L20(±0.15). (15) 

The activation energy for the theoretical QFI Arrhenian relation is ~71.8kcal/mole 

compared to ~71.9kcal/mole of (15), while the pre-exponential term InKo = 31.28 for the 

theoretical Arrhenian relation is within la of (15). 

Experiments in NNO buffer for HO crystals (Fsso) 

Results from the experiments conducted with fOa controlled by NNO for 

composition Fsso are listed in Table 4.3 and plotted in Figure 4.9. These experiments 

were conducted at NNO with the specific purpose to determine the relation between 

kinetic constants and fOa of the system in order to asses the validity of using the '1/6 

power law' in the orthopyroxene system. We calculated the theoretical Arrhenian relation 

at the NNO buffer from the Arrhenian relation of equation (12), which was derived from 

ordering experiments conducted at WI. The difference in fOa between NNO and WI 

buffers at a given temperature, was computed from published data (O'Neill 1988; O'Neill 

1987a). The new Arrhenian relation at NNO buffer thus generated takes the following 

form: 

where the standard deviations in parenthesis are the same as for equation (12). The 

activation energy, ~-68kcal/mole, is slightly lower that that for equation (12) due to the 

convergence in the fO^-T space of the boundaries defining the buffering reactions. 

Ord  r (A ' )  
34289(±2810) 

min~ '  +  31 .99(±2.38) .  (17) 



Figure 4.9 illustrates the modeled evolution of the site occupancies at NNO for 

samples of composition Fsjo obtained using equation (17). Figure 4.9 shows an excellent 

fit between modeled site occupancies and the values observed for HOI 5-58 and HOI 0-80 

(solid lines), which match within la of the site occupancies. However, the lower-

temperature data (HOlO-73, dotted line) is not reproduced by the ordering trend unless 

we increase its error to 3.5CT of its site occupancy. The quenched ordering state of HO 10-

73, describes a faster kinetic compared to equation (17), as was also the case for the 

lower temperature datum for the experiments conduced at WI (Figure 4.6). 

The experiments conducted in NNO buffer, except experiment HOI 1-73, confirm 

the expected shift in the kinetics of the reaction due to change in f02, and thus suggests 

that point defect equilibration for these samples was achieved within the time scale of the 

experiments down to quenching temperatures of ~650°C. 

Low-Fe (Fsjh) experiments at WI 

The results for experiments using the ST5 for composition FSK, at WI buffer are 

listed in Table 4.3 and plotted in Figure 4.10. 

The Arrhenian parameters necessary to describe the ordering process at this 

composition were recovered by minimizing the objective function M (equation 14) such 

that the modeled evolution matched the quenched site occupancies. The Arrhenian 

relation retrieved from the T-t evolution of the site occupancies is as follows: 

^^Ord =-^^^i^^^min-l + 29.70(±0.45), (18) 



with an activation energy of ~74kcal/mole. This relation refers to a composition FSK, and 

to the iD? defined by WI buffer. 

As seen in Figure 4.10, the fit is very satisfactory for all the data. To confirm that 

the effective {D2 for these experiments was indeed at WI, we conducted an experiment 

(ST5-113) using a gold tube instead of the usual SiOa tube as the holder for the buffer 

and the sample. In this configuration, the absence of any source of Si02, would prevent 

shifting the f02 to the more reducing QFI buffer. Because all the data are well reproduced 

by equation (18) we feel confident that all the experiments were ran at the WI buffer. 

The calibration in Ganguly and Stimpfl (2000) determined for an orthopyroxene 

of composition Fsu, defines a slower kinetics compared to equation (18). This 

discrepancy can be due to a) different choices on partitioning Mn; b) different Inko vs 1/T 

equilibrium fractionation used to model the observed site occupancy. 

DISCUSSION 

FO2 DEPENDENCE AND POINT DEFECT EQUILIBRATION 

The majority of our results can be modeled according to the theoretical 

fomiulation of Mueller (1967, 1969) and also seem to confirm the theoretically expected 

relation between the rate constant and the ID2, i.e. — =  1 /6 .  However ,  some 
d iog fOj  

experimental data for both isothermal and continuous cooling experiments show that 

point defect equilibration has not been achieved at T < 650°C. For the isothermal 



experiments below this T, the major problem stems from the observed difference between 

^'ord • The theoretical formulation of Mueller (1967, 1969) does not pennit 

any dependence of rate constant on the type of experimental data (ordering vs. 

disordering) from which it is retrieved. The difference we observed between the two 

is most likely due to failure to equilibrate the point defects at T < 650*'C. This would also 

explain the absence of f02 dependence on the kinetic constants observed for the 

experiments conducted at 580"C using different buffering conditions, and also the failure 

in modeling the lower-temperature continuous cooling experiments (HOI 1-74 and 

HOI 0-73). 

CHOICE OF RATE CONSTANT 

For application to natural samples the rate constant derived from the ordering 

experiments is more appropriate than that derived from the disordering experiments in 

this study. This is because of the annealing history of the samples, as discussed below, 

and illustrated in Fig. 4.11. 

For the ordering experiments, the samples were initially disordered at temperature 

higher than 750°C at lOi defined by the WI buffer. As discussed above, our experimental 

data indicate that point defect equilibration was achieved in the subsequent ordering of 

the sample at fOi defined by the WI buffer down to at least 65(y'C, but at the lower 

temperature ordering experiments (580 and 550"C), the point defects failed to achieve 

complete equilibrium with the imposed state conditions. The true point defect 

concentration at the conditions of these low temperature experiments should have been 



lower than that achieved in our experimental study. This is because the fOa at the WI 

buffer at these low temperatures is lower than that in the kinetic trajectory of the samples 

below 600°C, as illustrated in Fig. 4.1 la. Thus, the rate constant derived from the 

ordering experiments, K'ord, below ~60()"C provides an upper limit to the true values of 

the specific rate constant, K', at these conditions. The rate constants derived from the 

disordering experiment (i.e. K'ois) are larger than those derived from ordering 

experiments at temperatures below 600"C. Thus, we have K^< K",>d < K' Dis-

The possible kinetic trajectories of the samples in disordering experiments are 

shown schematically in Fig. 4.1 lb. Over the geological time scale, the natural sample 

was envisioned to have achieved point defect equilibrium consistent with the 1D2 in the 

host rock, which was probably around that defined by the quartz-fayalite-magnetite 

(QFM) buffer, as is often the case with metamorphic rocks. The QFM buffer defines a 

much more oxidizing condition than the Wl, thus allowing a higher concentration of 

point defects in the crystal lattice. Point defect equilibrium was achieved in the 

disordering experiments above 600°C at the f02 defined by the WI buffer. However, at 

lower temperature disordering experiments, the samples might almost completely 

preserved their initial point defects that were established during the cooling history of the 

rock. This inherited point defect concentration was much higher than those of the 

equilibrium point defects or even those established at the low temperature ordering 

experiments at fOz defined by WI buffer. 

Sluggish equilibration of point defects for T < 650°C, can explain all the 

"anomalous" results for H028, H08, HO 14, HOI 3, H015, and HOll. For the 



problemaiic runs using these crystals, all were either disordered at low temperatures with 

no previous conditioning, or were treated at moderate temperature for only short periods 

of time. Interestingly, in subsequent runs these crystals all provided "normal results", 

modeled by equation (12) which precludes the suggestion that the samples had some 

inherent problem which affected the results, and implies that runs at high temperatures 

might indeed be able to reset and evolve the defect structure at equilibrium within the 

framework of the experimental conditions (Table 4.3). 

COMPOSITIONAL DEPENDENCE OF KINETIC CONSTANTS 

From the data collected for both HO samples and ST, we generated a calibration 

for InK"^ that takes into account both the temperature and the compositional dependence 

of the kinetic constants. For the data at Fsso ( Hoilister sample) we have a sufficiently 

large data set to allow us to confidently choose the Arrhenian relation derived from the 

ordering experiments (equation 12) as the best equation to describe the kinetics for this 

composition. For ST5 (Fsie) we have fewer data points but, we used long annealing times 

combined with high temperature and slow cooling rates to assure equilibration of point 

defect (Table 4.3). For this reason, even if the data set is more limited than for Fsjo, we 

feel confident that equation (18) well represents the Wl-ordering trend for composition 

FSI6. 

Because the two calibrations showed little compositional dependence for the 

activation energy (-70kcal/mole for Fsso and ~74kcal/mole for Fsie), we chose to treat 

the activation energy as independent of composition, and to absorb the compositional 



dependence completely in the pre-exponential factor (KQ). Following the approach of 

Ganguly and Tazzoli (1994) and Morioka and Nagasawa (1991), we also assumed that 

logK"^ changes linearly with XFC. 

By using the average activation energy of 72.37(± 1900) kcal/mole, we obtain the 

following Arrhenian relation for the ordering rate constant K'*" at the WI buffer: 

In A" " . = min+ 29.03 + 4.162XFe ,  (19) Ord 

where XFe is the molar fraction of Fe. 

A comparison between equation (19) and the calibration of Ganguly and Tazzoli 

(1994), derived from the experimental data of Besancon (1981) and Anovitz et al. (1988) 

(equation 7), for composition Fsso and FSK,, is shown in Figure 4.12. Equation (19) 

defines a slower Arrhenian relation compared to (7) and also has a smaller compositional 

dependence. 

Such discrepancies might be due to the different methodologies employed in the 

detennination of the kinetic constants; Mossbauer Spectroscopy vs. X-ray single crystal 

diffraction. In a study that compared the site occupancies determined by means of X-ray 

diffraction and Mossbauer spectroscopy, Skogby et al. (1992) pointed out that good 

agreement between the two techniques could be achieved for intermediate composition 

provided that the Mossbauer data were accurately corrected for the "thickness effect". 

However, discrepancies arose for Fe-poor (Fsg) and Al-rich samples, with Mossbauer 

producing more disordered distributions compared to X-ray: this is also the trend 

observed for uncorrected intermediate compositions. This overestimation of the 



disordering value would translate, in isothermal disordering experiments, into faster 

kinctics, which is what we observed. Besancon (1981) however, docs not report whether 

or not Ms data were corrected for the "thickness effecf; therefore we should consider this 

technical bias as a possible source for the difference in results between XRD and 

Mossbauer Spectroscopy. Another possible source for the disagreements between our 

results and those of Bcsancon (1981) might be due to the 'effective 102' in the charge. In 

his experiments, Besancon (1981) used a gaseous mixture of CO/H2 to control the fOa; 

however it is well known that this mixture might not mix properly, especially at low T. 

Besancon reports having checked the mixing at 900°C against the WI buffer, but he did 

not make "any attempt to determine whether equilibrium was reached at lower T". 

Failure to equilibrate the mixture could affect the reaction by displacing it from the 

desired buffer and producing faster or lower kinetics with respect to WI buffering. Lastly, 

another source of disagreement between the two sets of experiments could be due to lack 

of point defects equilibration in Besancon (1981) runs. However, the smaller grain size of 

the samples used in the Mossbauer runs might offset the temperature effect, and therefore 

the time scale equilibration of vacancies for these samples might be nonetheless shorter 

than that for our single crystals. 

APPLICATION TO CENTRAL GNEISS COMPLEX, BRITISH COLUMBIA 

The orthopyroxene crystals labeled HO, which were used in this work for both 

thermodynamic and kinetic studies of Fe-Mg ordering, were separated from the rocks 

belonging to the Khtada metamorphic complex (KLMC) that lies within the Central 
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Gneissic Complex (CGC) of British Columbia, Canada. The cooling and exhumation 

history of these rocks were constrained by Hollister (1982) using the age data of a 

number of decay systems with different closure temperatures spanning a range of -200 to 

700 °C. We, thus, calculated the low temperature cooling rate of the orthopyroxene 

crystals to see how well it agrees with the geochronological data. In addition to 

illustrating the geological application of the experimental data, this specific comparison 

provides a test of the validity of the thermodynamic and kinetic data on intra-crystalline 

Fe-Mg fractionation that we have determined in this study. 

The combination of geochronological and closure temperature data of the 

rocks from KLMC, which were used by Hollister to constrain the cooling rates, are 

illustrated in Figure 4.13. There are two distinct segments in these data. A high 

temperature segment indicating rapid cooling at a rate of -100 °C/Myr between 700 and 

300 "C, and a low temperature segment indicating much slower cooling, at a rate of- 14 

"C/Myr (Hollister, 1975; Hollister 1977; Lappin and Hollister 1980; Selverstone and 

Hollister, 1980; Hollister 1982; Hollister 1993). 

We have simulated the evolution of Fe-Mg ordering in orthopyroxene from 

KLMC The T-t path was assumed to follow an "asymptotic law" (Ganguly, 1982), 

—+ r|t (20) 
T T„ 

where To is the initial temperature (in K) and rj is a time constant with the dimension of 

K"'t''. We assumed a T,, of 400°C and tD2 defined by the QFM buffer. The fOi of 

granulite facies rocks is commonly found to be around that defined by QMF buffer (e.g. 



Lappin and Hollistcr, 1980). As discussed by Ganguly (1982), the calculation of cooling 

rate is not sensitive to the choice of To as long as it is within the domain where 

thermodynamic equilibrium is maintained during cooling. The closure temperatures of 

Fe-Mg ordering for eight single crystals separated from the KLMC, as calculated from 

equation (11), are very similar, with an average of 288 ± 4 "C, where the error represents 

the standard deviation of the mean (Table 4.6). 

The expression for the specific rate constant, K*", as derived from the ordering 

experiment at WI buffer, equation (12), was corrected for the effect of fOa by assuming 

that K' oc (f02)' '^'. The validity of this relationship has been discussed above. The fD? vs T 

data for the WI and QFM buffer are taken from O'Neill (1987a, 1988). Following the 

same procedure as discussed for the modeling of quenched site occupancies in continuous 

cooling experiments (Chapter 4, pages 75, 81), we calculated the evolution of site 

occupancies as a function of temperature during cooling for the orthopyroxene crystals 

from KLMC. A single value of the time constant, r], was used for all samples. A value of 

T] = 3.1x10"^ K"'t'' was found to yield quenched site occupancics that matched the 

observed values of all crystals within their ± 2CT error limits. If we assume a slightly 

higher fDa for the KLMC granulite, defined by NNO, then the site occupancies are 

matched by using a value of r| = 5.5xlO"^K"'f ̂  The cooling rates at Tc retrieved from 

these values of h are ~ 10"K/My and -IS^C/My for QMF and NNO buffers respectively. 

As illustrated in Figure 4.14, the T-t path constructed on the basis of these x] values are in 

good agreement with that constrained by the geochronological data below 300 °C. 



Following Ganguly et al. (2000), the exhumation rate of the KLMC rocks was 

calculated by solving the following one-dimensional heat transport equation: 

= (21) 
dt sz^ az pCp 

where Z is the depth, Vz  is the velocity, positive upward, k  is the thermal diffusivity, AfZ)  

is the radiogenic heat production per unit volume, p is the density and Cp is the isobaric 

heat capacity. The quantity pCp was considered constant {p- 2750kg/m^, Cp = 880J/kg 

K), and k =- 1mm /s. 

The solution for equation (21) for the special case of a semi-infinite slab with a 

constant A, fixed surface temperature (T(Z-O) and a linear initial geotherrnal is given in 

Carslaw and Jaeger (1986). The surface temperature was assumed to be 25"C, and the 

initial gradient was calculated by assuming a temperature of 800°C at 35Km as suggested 

by Hollister (1982), As a first approximation we used an average value for A ~ 

0.89|.iMW/m" taken from data obtained for the Sierra Nevada (Dr. M. Ducea, pers. 

comm.). The resultant T-t path is illustrated in Figure 4.13. 

We were able to model the higher temperature data of Hollister (1982) by using 

an exhumation velocity of 2.2mm/year (Figure 4.14), which agrees very well with their 

calculation of 2mm/year. For temperatures below, 300"C, an exhumation velocity of ~ 

0.2 mm/year reproduced the cooling trend for the data in Hollister (1982) and that 

constrained by the Fe-Mg ordering state of orthopyroxenes crystals. This slower 

exhumation velocity agrees well with the data of Parrish (1983) and O'Sullivan and 

Parrish (1995). 



The excellent agreement between the cooUng rates computed for the HO samples 

from the 0/D reaction and independent data from the CGC, supports the validity of 

equation (12) for use of cooling rate calculations of natural samples. 

SUMMARY 

Figure 4.14 summarizes the primary results of this investigation. We have shown, 

for the first time, that the kinetic constants for the 0/D reaction in orthopyroxene are 

sensitive to the f02 according "1/6 power law", as expected for homogeneous oxidation 

equilibration. Furthermore, we also investigated the compositional effect of the kinetic 

constants and shown that the compositional effect is more pronounced in the pre-

exponential term, while the activation energy is just slightly affected by changes in the 

bulk composition, as also observed in olivine. Equation (19), which represents the 

calibration at WI, should be used to compute the cooling rates in natural rocks of 

composition between Fsig-Fsso. The excellent agreement in cooling and exhumation rates 

obtained from modeling of the site occupancies with data obtained through independent 

methods provides a test to the accuracy of the kinetic data presented in this work. 

Aside from the direct observations on fOa and compositional effect, we also have 

gathered much information on point defects. In particular, we presented indirect evidence 

that point defects are not readily equilibrated for temperatures < 650"C. The most 

compelling evidence is given by the absence in fOi dependence for the kinetic constant 

observed in a low temperature experiment where both ordering in NNO and disordering 

in WI runs were performed at 580°C (Figure 4.4). Also, from our experience we have 



concluded that ordering experiments should be preferred over disordering ones, since this 

gives the possibility to the crystal to reach a thermodynamic equilibrium for the point 

defects in much shorter time due to the higher temperature of the experiments. Finally, 

due to the difficulty we have found in conducting these experiments we believe that it is 

vital to fully understand the behavior of point defects for kinetic and diffusion studies. To 

this end, we are planning on conducting a study that aims at characterizing the relaxation 

time for point defects as a function of T, X, fO:, and grain size of the system in order to 

better constrain solid-state reaction that depend on them. 



105 

FIGURE 4. 1 
Ordering experiments at 500"C sample M32b (Fssg) of Anovitz et al. (1988). Upward 
triangles: observed site occupancies as in Anovitz et al. (1988). The dotted line is the fit 
for evolution of site occupancies modeled using the kinetic constant for this isotherm 
published in Anovitz et al. (1988). The solid line represents fit obtained using the kinetic 
constant re-evaluated by Kroll et al. (1997). 
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FIGURE 4. 2 
Typical experimental setup for kinetic experiments. 
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FIGURE 4. 3a,b,c 
Isothemial evolution of XFe(M2) as a function of time at 55( fC ,  650°C and 750°C 
respectively for both ordering (upward triangles) and disordering (downward triangles) 
experiments. All experiments were performed on sample H028 with the exception of the 
ordering experiments at 750°C, for which we used sample H039B (empty triangles). The 
experimental fD2 was set at the WI buffer. 

Equation (6) was used to fit the experimental data. and reported with their 

standard deviation in parenthesis, are the specific rate constant for the forward ordering 
and disordering reaction, respectively, taken from Table 4.5; 2 Standard deviation on site 
occupancies are about the same size of the symbol. 
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FIGURE 4. 3b 
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FIGURE 4. 3c 
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FIGURE 4. 4 
Isothermal evolution of XFe(M2 ) as a function of time and ID; at 580°C for both 
ordering (solid line) and disordering (dashed) experiments. The experimental fOa was set 
at the WI buffer (symbols) for HO 13 and HOI 4; while for H08 and HOI 5 it was fixed at 

the NNO buffer (half-filled symbols). and (standard deviation in parenthesis) 

are the specific forward rate constant retrieved from the ordering and disordering 
reaction, respectively. Downward triangles = disordering experiments; Upward triangles 
= ordering experiments. 

0.90 
K+Dis = 4.56E-4 min-l(8.2E-6) 

0.87 -

V WI DIS HO 13 

NNO DIS HO 15 
A NNO ORD HO8 
A WI ORD HO 14 

0.84 -

^ 0.81 

S 0.78 

0.75 

K+Ord = 4.36E-4 min-i(4.9E-5) 0.72 

0 300 600 900 1200 1500 1800 

t(minutes) 



I l l  

FIGURE 4. 5 
Temperature dependence of logK' determined from isothermal ordering (solid line -
equation 12) and disordering (dashed line - equation 13). Dashed-dot line corresponds to 
the kinctic constants calculated from Ganguly & Tazzoli (1994), as in (7), for a 
composition of XFe=0.5. Note that their trend plots on the kinetic constants determined 
for H08-H014 and H013-H015. Upward triangle: ordering experiments; Downward 
triangles: disordering experiments. WI buffer was used for all experiments except H013-
H015 (upward empty triangle) and H08-H014 (Upward half-filled triangle). For more 
informations of these last four samples see cations in Figure 4.4. 
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FIGURE 4. 6 
Modeled evolution of XFe(M2) for continuous cooling experiments for HO crystals at 
WI buffer. The slanted solid lines represent the equilibrium-ordering path. The symbols 
show the quenched site occupancies for each experiment (Table 4.3) and are plotted at an 
arbitrary temperature. The T-t evolutions of the site occupancies were computed using 
the rate constant for the ordering process given in equation (12). For experiment G 
(HOI 1-74), equation 12 failed to model properly the observed (dotted lines). To facilitate 
matching of observed site occupancies with modeled trends, we report the corresponding 
ID number given to each experiment on their side. The trends for H013-57 (A) and 
HOI4-60 (E) define a slightly different equilibrium evolution compared to the HOI 1 
crystals due to differences in XFe total. Detailed information on the experimental 
conditions is found in Table 4.3. 
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FIGURE 4. 7 
Modeled evolution of XFe(M2) for continuous cooling experiments for HO crystals at 
WI buffer. The T-t evolutions of the site occupancies were computed using the rate 
constant law for the disordering process given in equation (13). This equation can model 
two experiments A (HOI3-57) and G (HOI 1-74) - solid lines, while it fails to reproduce 
the site occupancies for all other experiments (dotted lines). Detailed information on the 
experimental conditions is found in Table 4.3. 
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FIGURE 4. 8a 
Modeled evolution of XFe(M2) for continuous cooling experiments for HO crystals using 
the Arrhenian parameters from the isothermal ordering experiments (12) for W1 - dashed 
line - and the parameters obtained by adjusting equation (12) for the shift in f02 from VVl 
to QFI, according to K^oc 102' (solid line). The symbols show the quenched site 
occupancies for each experiment (Table 4.3) and are plotted at an arbitrary temperature. 
Equation (14) models all the experiments (solid line) previously un-reproduced by the WI 
ordering trend (dashed line). Detailed information on the experimental conditions is 
found in Table 4.3. 
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FIGURE 4. 8b 
Modeled evolution of XFe(M2) for continuous cooling experiments for HO crystals using 
the Arrhenian parameters from equation (15) which was obtained by by minimizing the 
objective function M. Same experiments as in Figure 4.8a. 
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FIGURE 4. 9 
Modeled evolution of XFe(M2) for continuous cooling experiments for HO crystals at 
NNO buffer. The T-t evolution of the site occupancies were computed using equation 
(16) which was derived from the rate constant law for the ordering process given in 
equation (12) by shifting it according to the 1/6 power law. This equation can model two 
experiments HOI5-58 and HO 10-80 (solid lines), while can't reproduce the site 
occupancies for HO 10-74 (dotted lines). Detailed information on the experimental 
conditions is found in Table 4.3. 
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FIGURE 4.10 
Modeled evolution of XFe(M2) for continuous cooling experiments for ST5 at WI buffer. 
The slanted solid lines represent the equilibrium-ordering path. The symbols show the 
quenched site occupancies for each experiment (Table 4.3) and are plotted at an arbitrary 
temperature. The T-t evolution of the site occupancies were computed using equation 
(17). Detailed information on the experimental conditions is found in Table 4.3. 
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FIGURE 4. 11 
Schematic illustration of the postulated point defect equilibration in ordering and 
disordering experiments at WI buffer, (a) For ordering experiments the point defects of 
the pre-anncalcd sample evolve in equilibrium with the changing f02 down to at least ~ 
650°C. (b) For disordering experiments the point defect of the natural sample equilibrate 
to the imposed conditions for temperatures above ~630oC. However, at lower 
temperatures, the original point defect structure of the crystal is essentially preserved. 
The terminal arrows indicate conditions of final defect equilibration. 
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FIGURE 4.12 
Comparison between the calibration of Ganguly and Tazzoli (1994) (equation 7) and the 
calibration computed in this work (equation 18) for two compositions: Fsie and Fs.so. 
Dotted lines: Ganguly and Tazzoli (1994); Solid lines: this work. MB = Mossbauer 
Spectroscopy. 
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FIGURE 4.13 
T-temperature path and exhumation velocities for the CGC. Isotope data arc from 
Hollister (1982). The solid lines represent the T-t path as computed in this work using 
equation (21). The dash line shows the T-t path calculated from quenched ordering state 
of the orthopyroxene crystals from CGC obtained assuming the fOz to be controlled by 
the QMF or NNO buffer. 
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FIGURE 4. 14 
Summary for kinetic experiments: logK"^ vs. 1/T(K). HO: Hollister; ST: Steinbach. NNO 
= Nickel-Nickel Oxide buffer; WI = Iron Wiistite buffer; IQF = Iron-Quartz-Fayalite 
buffer. 
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TABLE 4.1 

Initial and adjusted (adj) compositions of the orthopyroxene crystals used for the kinetic experiments. An initial composition 
represents the mean of a large number of spot analyses; an adjusted composition represents the statistical most-probable bulk 
composition. The numbers within parenthesis represent the estimated standard deviation (esd) from the mean. 

Sample ST5 STSadj H08 esd H08(adj) HOlO esd HOlO(adj) HOll esd HOll(adj) HOB esd H013{adj) 

Si 1.994 (6) 1.989 1.971 (4) 1.977 1.973 (4) 1.975 1.975 (5) 1.974 1.973 (3) 1.976 
Al 0.012 (1) 0.011 0.036 (4) 0.038 0.043 (3) 0.044 0.045 (2) 0.045 0.039 (4) 0.042 
Ti 0.001 0) 0.001 0.004 (1) 0.004 0.003 (1) 0.003 0.003 (1) 0.003 0.003 (1) 0.003 
Cr 0.012 (1) 0.012 0.000 (1) 0.000 0.000 (1) 0.000 0.000 (I) 0.000 0.000 (1) 0.000 
Mg 1.641 (9) 1.647 0.977 (4) 0.973 0.971 (7) 0.968 0.971 (3) 0.972 0.971 (3) 0.968 

Fe^- 0.309 (5) 0.311 0.965 (6) 0.954 0.968 (8) 0.964 0.955 (5) 0.956 0.966 (4) 0.960 

Mn 0.016 (1) 0.016 0.015 (1) 0.015 0.015 (1) 0.015 0.014 (1) 0.014 0.015 (1) 0.015 

Ca 0.012 (1) 0.012 0.038 (1) 0.038 0.031 (1) 0.031 0.034 (1) 0.034 0.035 (I) 0.036 

Na 0.001 (1) 0.001 0.002 (1) 0.001 0.001 (1) 0.000 0.001 (1) 0.001 0.001 (I) 0.000 

Total 3.998 4.000 4.008 4.000 4,004 4.000 3.999 4.000 4.004 4.000 

Charge 12.009 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 

Al(Tf^ 0.006 0.011 0.029 0.023 0.027 0.025 0.025 0.026 0.027 0.024 

A1(M)"" 0.006 0.000 0.007 0.015 0.015 0.020 0.021 0.020 0.012 0.018 

d(chrg(M)"^' 0.019 0.011 0.013 0.023 0.020 0.025 0.027 0.026 0.018 0.024 

d(M-Tf> 0.013 0.000 -0.016 0.000 -0.007 0.000 0.002 0.000 -0.009 0.000 

M-cations 1.998 2.000 1.999 2.000 2.004 2.000 1.999 2.000 2.004 2.000 

esd : estimated standard deviation from the mean of the spot analyses 
A1(T): Al in T site; A1 (M): A1 in M site 
d(chr(M)): excess positive charge in m site due to the substitution for 2^ cations 
d (M-T): difference betv^een the charge excess in M site and the charge deficiency in T site 



TABLE 4,1 Cont. 

Sample H014 H014(adj) H015 esd H015(adj) H028 esd H028(adj) H039B esd H039B(adj) 

Si 1.970 (4) 1.974 1.973 (3) 1.976 1.970 (5) 1.975 1.979 (9) 1.981 
Al 0.043 (4) 0.045 0.039 (2) 0.042 0.041 (1) 0.042 0.033 (7) 0.032 
Ti 0.003 (1) 0.004 0.003 (1) 0.003 0.003 (1) 0.004 0.004 (1) 0.004 
Cr 0.000 (1) 0.000 0.000 0) 0.000 0.000 (1) 0.001 0.000 (1) 0.000 

Mg 0.965 (8) 0.958 0.973 (5) 0.969 0.952 (6) 0.947 0.945 (4) 0.944 

Fe" 0.971 (7) 0.966 0.964 (6) 0.959 0.988 (8) 0.979 0.990 (6) 0.988 
Mn 0.015 (1) 0.014 0.015 (1) 0.015 0.014 (1) 0.014 0.016 (1) 0.015 

Ca 0.038 (1) 0.038 0.035 (1) 0.035 0.038 (1) 0.038 0.036 (1) 0.036 

Na 0.001 (1) 0.001 0.001 (1) 0.00! 0.001 (1) 0.000 0.001 (1) 0.001 

Total 4.006 4.000 4.005 4.000 4.007 4.000 4.002 4.000 

Charge 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 

A1(T)® 0.030 0.026 0.027 0.024 0.030 0.025 0.021 0.019 

A1(M)® 0.013 0.019 0.012 0.018 0.010 0.017 0.011 0.012 

d(chrg(My'' 0.019 0.026 0.018 0.024 0.016 0.025 0.018 0.019 

d(M-r)"" -0.011 0.000 -0.008 0.000 -0.014 0.000 -0.003 0.000 

M-cations 2.006 2.000 2.005 2.000 2.007 2.000 2.002 2.000 

esd : estimated standard deviation from the mean of the spot analyses 
Al(T): A1 in T site; A1 (M): Ai in M site 
d(chr(M)): excess positive charge in m site due to the substitution for 2^ cations 
d (M-T): difference between the cliarge excess in M site and the charge deficiency in T site 

to 
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TABLE 4. 2 
Experimental conditions and XFe(M2) for isothermal experiments for H028, H039B, H013, H015, H014 
and H08. Estimated standard deviation (esd), structural error only. The equilibrium are from Stimpfl 
(2003). The site occupancies for all these experiments were determined using a point detector 
dif&actometer except for H039B-12 and H039B-20 which were determined using CCD. DIS Disordering 
experiments; ORD ordering experiments. 

Sample-ID type of T°C Time(min) buffer XFe(M2)''" esd 

experiment 

(28-26 untreated 0 0.8999 (10) 

-34 DIS 550 7200 WH-ARGON 0.8200 (10) 

-39 DIS 550 15840 WI+ARGON 0.8109 (10) 

-44 DIS 550 24480 WI+ARGON 0.8052 (10) 

-49 DIS 550 44640 WI+ARGON 0.8012 (11) 

-56 Equilibrium 550 73440 WI+ARGON 0.7986 (11) 

-67 DIS 650 300 WI+ARGON 0.7679 (11) 

-73 DIS 650 470 WI+ARGON 0.7697 (10) 

-80 DIS 650 710 WI+ARGON 0.7722 (10) 

-84 DIS 650 900 WI+ARGON 0.7662 (10) 

-87 Equilibrium 650 1800 WI+ARGON 0.7667 (10) 

-94 DIS 750 4 WI+ARGON 0.7654 (10) 

-100 DIS 750 9 WI+ARGON 0.7590 (10) 

-104 DIS 750 20 WI+ARGON 0.7420 (10) 

-107 DIS 750 40 WI+ARGON 0.7433 (10) 

-111 DIS 750 160 WI+ARGON 0.7409 (10) 

- I l i a  DIS 750 160 WI+ARGON 0.7409 (13) 

-117 DIS 750 220 WI+ARGON 0.7390 (11) 

-122 Equilibrium 750 310 WI+ARGON 0.7389 (10) 

-134 Equilibrium 850 840 WI+ARGON 0.7134 (11) 

-137 Equilibrium 750 900 WI+ARGON 0.7134 (11) 

-141 ORD 650 30 WI+ARGON 0.7449 (10) 

-142 ORD 650 75 WI+ARGON 0.7432 (11) 

-145 ORD 650 225 WI+ARGON 0.7528 (10) 

-146 ORD 650 420 WI+ARGON 0.7556 (12) 

-148 ORD 650 900 WI+ARGON 0.7582 (13) 

-151 ORD 650 1800 WI+ARGON 0.7616 (10) 

-152 Equilibrium 650 2700 WI+ARGON 0.7650 (10) 

-153 ORD 550 21600 WI+ARGON 0.7811 (10) 

-155 ORD 550 47520 WI+ARGON 0.7831 (10) 

-156 ORD 550 83520 WI+ARGON 0.7906 (10) 

-158 ORD 550 122400 WI+ARGON 0.7937 (10) 

-160 ORD 550 158400 WI + ARGON 0.7926 (10) 



TABLE 4.2 Cont. 

Sample-ID type of 

experiment 

T'C Time(min) buffer XFe(M2)'-' esd 

H039B-159 Equilibrium 850 480 WI+ARGON 0.7147 (10) 

-161 ORD 750 4 WI+ARGON 0.7235 (11) 

-162 ORD 750 12 WI+ARGON 0.7290 (11) 

-163 ORD 750 18 WI+ARGON 0.7320 (10) 

-2 ORD 750 54 WI+ARGON 0.7410 (14) 

-12 ORD 580 618 Wl+AIR 0.7482 (16) 

-20 ORD 580 798 WI+AIR 0.7500 (16) 

HO 13-11 untreated 0 0.8913 (14) 

-15 DIS 580 618 WI + AIR 0.8248 (13) 

-21 DIS 580 798 WI + AIR 0.8159 (14) 

-38t DIS 580 978 WI + AIR 0.8060 (34) 

HO 15-23 untreated 0 0.8917 (11) 
-27t DIS 580 618 NNO+AIR 0.8197 (31) 

1 lO 14-24 Equilibrium 750 94 WI+AIR 0.7348 (13) 
-26t ORD 580 618 WI+AIR 0.7641 (33) 

H08-44a Equilibrium 750 94 NNO + AIR 0.7345 (13) 

-46 ORD 580 620 NNO + AIR 0.7681 (12) 

-49 ORD 580 809 NNO + AIR 0.7669 (24) 

-50 ORD 580 978 NNO + AIR 0.7724 (18) 

XFe(M2)= DFe(M2)/(nFeM2+iiMg(M2), n = number of moles. 
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TABLE 4. 1 
Experimental conditions and XFe(M2) for continuous cooling experiments. Estimated 
standard deviation (esd), structural error only. The site occupancies for all these 
experiments were determined using CCD equipped diffractometer except for HO 13-57, 
HO 14-60, and H015-58 which were determined using PD dilTractometers. To annealing 
temperature. Tc closure temperature. 

Sample-ID buffer Tq°C annealing cooling cooling constant XFeCMl)^"' esd 

time(min) model IC'min"' 

HO 13 -57 WI+AIR 850 142 exp 0.0098 0.7162 (12) 795 

HOI 1 -79 WI+ATR 902 1303 exp 0.0060 0.7176 (14) 779 

HOll -98 WI+AIR 954 1337 linear 2.1700 0.7307 (11) 729 
H011 -118 WI+AIR 950 14400 linear 0.5000 0.7405 ( 1 1 )  694 
HO 14 - 60 WI+AIR 793 130 linear 0.9960 0.7428 (19) 708 

HOll -109 W1+A1R<'' 850 5484 linear 0.4000 0.7430 (13) 685 
HOll -74 WI+AIR 702 1304 linear 0.1000 0.7640 (14) 623 

HOI 1 -88 WI+AIR 1002 1146 exp 0.0044 0.7152 ( 1 1 )  789 

HOll -108 Fe+AIR 947 2820 linear 3.0000 0.7224 (11) 761 

H O l l  - 1 0 1  WI+A1R<'^> 904 1671 linear 0.5500 0.7356 (11) 710 
HOI 1 -104 WI+AIR''" 904 1671 linear 0.5500 0.7349 (11) 714 

HO 15-58 NNO+AIR 847 142 exp 0.0098 0.7336 (18) 726 
H010-80t2 NNO+AfR 902 1303 linear 3.1700 0.7440 (14) 689 
HO 10-73 NNO+AIR 702 1304 linear 0.1000 0.7740 (12) 583 

S T 5 - 1 1 9  WI+AIR 950 14400 linear 0.0500 0.2724 (8) 737 

S T 5  - 1 1 3  WHAIR'" 942 2880 linear 0.5000 0.2673 (10) 789 
ST5 -82 M+AIR 750 10080 linear 0.0052 0.2779 (9) 682 

XFe(M2)= nFe(M2)/(nFeM2+nMg(M2); n = number of moles; 
Tc= Closure Temperature; 
Silica tube substituted with gold tube 

® Collected at 110°K; same experiment as HOI 1-104 which was collected at room T. 
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TABLE 4. 4 
Bulk composition and parameter 'p' used to model the evolution in the site occupancies 

for the samples used in this study. 

Sample XFe'"' P 
H08 0.5019 0.4923 

HO 10 0.4989 0.4939 

H O l l  0.4958 0.4931 

HO 13 0.4980 0.4924 

H014 0.5019 0.4923 

HO 15 0.4977 0.4926 

H028 0.5083 0.4921 

H039B 0 . 5 1 1 4  0.4911 

ST5 0.1588 0.4959 
'"'XFe = nFe/(nFe+iii\Ig); where n 
= numbers of moles, 

p = Fe(M2)+Mg(M2)/(Fe+Mg) 



TABLE 4.1 
Kinetic constants recovered from the isothermal experiments at different isotherms and buffering conditions for Ordering 
(Ord) and Disordering (Dis) experiments. Data for H028 and H039B (Ordering) were used to generate equation (12). Data 
for H028 (Disordering) were used to generate equation (13). 

Sample rc 1000/T(K) buffer (a)R2 K^Ord "''esd log K^Ord esd(logK'^Ord) 

H028 550 1.2151 WI 0.99 4.70E-06 4.34E-07 -5.328 0.04 
650 1.0834 WI 0.69 9.50E-04 2.60E-04 -3.022 0.12 

H039B 750 0.9775 WI 0.99 2.30E-02 2.00E-03 -1.638 0.04 

H08-H014 580 1.1723 NNOAVI 0.98 4.36E-04 4.94E-05 -3.361 0.05 

K' Dis '^^esd log K'Dis esd(logKDis) 

H028 550 1.2151 WI 0.98 3.72E-05 5.80E-06 -4.429 0.07 
650 1.0834 WI 0.71 1.50E-03 1.36E-03 -2.824 0.39 

750 0.9775 WI 0.75 2.80E-02 5.40E-03 -1.553 0.08 

H013-H015 580 1.1723 WI/NNO 1.00 4.56E-04 8.20E-06 -3.341 0.01 

Adjusted R squared from L vs time fitting 

estimated standard deviation 



TABLE 4.1 
Summary of the site occupancy data, ko, closure temperatures (Tc) and cooling time constant (TI) of the orthopyroxene crystals from the KLMC, 
sampleTPR-30F (HO), for the QMF buffer. The esd for the estimated standard deviation of the site occupancies of Fe and Mg aiising from those of 
structural data, as given by the refmement program RFINE90. Errors from chemical analyses combined with those from the structural refinement double 
the esd. 

H08 HO 10 HOll HO 13 H014 HOI 5 H028 H039B 

M2 site 

Mg 0.096 (1) 0.104 (1) 0.104 (1) 0.103 (1) 0.102 (1) 0.104 (1) 0.095 (1) 0.089 (1) 

Fe^- 0.851 0.849 0.846 0.846 0.845 0.845 0.853 0.859 
Mn 0.015 0.015 0.015 0.015 0.014 0.015 0.014 0.015 
Na 0.001 0.000 0.001 0.000 0.001 0.001 0.000 0.001 

Ca 0.037 0.031 0.034 0.036 0.038 0.035 0.038 0.036 

Ml site 
Mg 0.860 (1) 0.864 (1) 0.867 (1) 0.865 (1) 0.856 (1) 0.865 (I) 0.852 (1) 0.855 (1) 

Fe^' 0.117 0.114 0.110 0.114 0.120 0.114 0.126 0.129 

A1 0.019 0.020 0.020 0.018 0.019 0.018 0.017 0.012 

Ti 0.004 0.002 0.003 0.003 0.004 0.003 0.004 0.004 

Tsite 
Si 1.974 1.975 1.974 1.976 1.974 1.976 1.975 1.981 

A1 0.026 0.025 0,026 0.024 0.026 0.024 0.025 0.019 

ko 0.0154 (3) 0.0162 (4) 0.0157 (3) 0.0161 (4) 0.0170 (4) 0.0162 (3) 0.0165 (3) 0.0158 (3) 

Tc ( 283 289 285 288 294 289 291 286 

ri, K"' MY"' 3.1E-05 3.1E-05 3.1E-05 3.1E-05 3.1E-05 3.1E-05 3.1E-05 3.1E-05 

(dT/dt)Tc 10 10 10 10 10 10 10 10 

Hollister self calibration, equation 11 
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CHAPTER 5; THERMAL HISTORY OF THE UNBRECCIATED DIOGENITE 
GRO(GROSVENOR MOUNTAINS) 95555: CONSTRAINTS FROM INTER- AND 

INTRA-CRYSTALLINE FE-MG EXCHANGE REACTIONS 

INTRODUCTION 

The diogcnitc meteorite Grosvenor Mountain 95555 (GRO) was found in 1995 

during an expedition in Antarctica. It belongs to the Howardite-Eucrite-Diogenite (HED) 

family which constitutes a group of achondrites that probably formed on asteroid 4 Vesta 

about 4.5Ga (Consolmagno and Drake, 1977; Drake, 1979; Binzel and Xu, 1993; Drake, 

2001). Diogenites are mostly breccias composed of orthopyroxenites with minor amounts 

of chromite, olivine, clinopyroxene and plagioclase; eucrites are pigeonite-plagioclase 

basalts; hovvardites, are polymictic breccias that contain fragments of both diogenites and 

eucrites. Due to their mineralogy and texture, these meteorites are believed to have 

formed in ditTerent locations on the parent planet. It is commonly accepted that 

diogenites represent the lower crust of Vesta; that eucrites formed near the surface, and 

that hovvardites represent a megaregolith of the parent body formed during bombardment 

and excavations of the asteroid. 

Even though this general picture is well accepted there exists many unanswered 

questions. In particular the thickness of the different layers and the original depth of 

formation for the various "Vestian" meteorites are still poorly constrained. One way to 

recover such information is through the determination of cooling rates of rocks or 

minerals. In fact, cooling rates reflect the thermal fluxes at the location of emplacement, 

therefore, documenting these cooling rates and reconstructing the T-t paths allows the 



131 

recovering of depth of burial within the parent body. The challenge in this task is to find 

samples that were not subjected to multiple-stage cooling histories. In the case of the 

diogenites, this is not a minor challenge because the brecciated texture and the optical 

characteristics of their pyroxenes (undulose extinctions) hint that these samples had to be 

buried in shallow environments where they were subjected to deformation due to 

repeated impacts/and or reburial. 

Indeed, most of the samples examined thus far tell a story that is consistent with 

excavation of the diogenites from the original site of formation and reburial within the 

regolith/megaregolith blanket. Liermann and Ganguly (2001) analyzed the compositional 

profiles of coexisting orthopyroxenes and spinel from a series of Antarctic diogenites. 

For this suite, the spread in closure temperatures for the Fe-Mg exchange reaction 

between orthopyroxene and spinel, ranges between ~600-900"C. The authors concluded 

that such a wide range of temperatures reflects a history of repeated excavation of the 

diogenites from their original sites at different times during their cooling. Furthermore, 

the numerical modeling of the compositional zoning of the spinel in sample TIL82410 

generates a cooling rate of ~5500°C /My, which is consistent with a burial depth of about 

-80-120m within the regolith or ejecta blanket after the sample was dislodged from its 

original location of formation. Zema et al. (\ 997) investigated the cooling history of a 

series of diogenites in the low temperature range by means of ordering data in 

orthopyroxene. Their cooling rates, which reflect cooling at the closure temperature for 

the Fe"^-Mg ordering reaction (600"C-300''C), are very fast and range from -500 to 

-900x10^ "C/My. As pointed out by Zema et al. (1991) such data are faster than those 



recovered for the higher temperature cooling rates of eucrites (Miyamoto and Takeda, 

1994; Stimpfl et al, 2003), and again could not reflect cooling in situ but cooling after 

excavation or ejection. 

Our excitement is therefore understandable when we learned of a new diogenite 

that bore no sign of deformation or brecciation. The unbrecciated GR095555 is a special 

sample in that compositionally is a diogenite, but lacks signs of brecciation and 

deformation due to impact so typical of all the other diogenites (Papike et al., 2000). In 

particular, the pyroxene grains have perfect extinction and show a well-equilibrated 

texture with 120" triple junctions (Figure 5.1). Another distinguishing property, which 

makes GR095555 unique among diogenites, is the limited compositional variation for 

minor and trace elements which implies long equilibration times (Papike et al, 2000). All 

these clues led us to suspect that GR095555 could provide cooling rates related to its 

original location of formation, and could answer questions about the igneous stratigraphy 

on V esta. 

The cooling history of GR095555 was investigated in a novel manner using a 

detailed study of the compositional properties of its minerals at two different scales; 1) 

intercrystalline Fe-Mg fractionation between mineral pairs (spinel and orthopyroxene) 

and zoning within individual grains; 2) Fe''*'-Mg ordering in orthopyroxene single 

crystals. These methods allow retrieving of cooling rates for both high (1000-700"C) and 

low (600-300"C) temperature ranges, respectively. This two-fold approach could provide 

a complete picture of the thermal evolution of the sample. 
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INTERCRYSTALLiNE FE-MG FRACTIONATION BETWEEN SPINEL AND ORTHOPYROXENE 

In the mineral pair spinel-orthopyroxene (sp-opx), Fe- Mg fractionate between the 

coexisting minerals as a function of pressure (P), temperature (T) and composition of the 

system. This exchange reaction can be exemplified with the following notation: Mg®'' + 

Fe°'"' = Fe^'' + Mg"''"'; where for decreasing temperatures the reaction moves to the right 

(less Mg in spinel) and vice versa. 

When the system is displaced from equilibrium, the exchange reaction is 

activated and Fe-Mg diffuse across the interface in an attempt to regain an equilibrium 

distribution across the whole grain. Because re-equilibration commences at the interface 

and propagates inward towards the core of the grains, the extent and the shape of the 

diffusion zoning is a function of the T-t history of the sample. For example, when the 

cooling is very fast there is no time to reset the composition and the profile is quenched 

to the shape-value of the last equilibrium, i.e. flat profile. If the cooling is very slow the 

minerals can exchange the cations until the profile is completely reset to a homogeneous 

distribution (i.e. flat profile) consistent with the new P-T conditions. For intermediate 

cooling rates, the minerals develop a compositional zoning, whose extent is a function of 

the diffusing properties of the cations and of the cooling rate of the system. 

Knowledge of the diffusion coefficient (D) is essential for retrieving the cooling 

rates from the modeling of a quenched profile. The diffusion coefficient is assumed to 

follow the Arrhenius relation 

D=Doe-Q^^^, (1) 
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where Do is the pre-exponential factor in cm^/sec, Q is the activation energy of diffusion, 

R is the gas constant, and T is the temperature in Kelvin. For non-isothermal systems, 

such as a cooling system, D is also a function of time (P=f(t)). If we assume that a rock 

cools according to an asymptotic model, then; 

1 1 

T{K) Tq{K) 
+ Tlt, (2) 

where To represents an equilibration temperature below which the system is cooling, and 

Tj represents the cooling constant in K"'y''. 

As shown by Ganguly et al (1994), combining equation 1 and 2 for the 

asymptotic cooling model, one obtains: 

D{t) = Dq exp 
Q 

R 
+ rft (3) 

In this form it is clear how cooling rate, time and initial temperature affect D and 

tlierefore control the shape of the diffusion profile. 

FE-MG ORDERING IN ORTHOPYROXENE SINGLE CRYSTALS 

In orthopyroxene, Fe and Mg fractionate between two non-equivalent octahedral 

sites: Ml and M2, with the larger Fe preferring the larger M2 site. Mueller (1967, 1969), 

formulated a kinetic theory that treated the fractionation of the cations over the two non-

equivalent sites as a homogeneous exchange reaction as follows: Fe(M2) + Mg(M1) <-> 

Fe(Ml) + Mg(M2). The left term represents the ordered condition and the one on the 



right the anti-ordcred (disordered) state. For increasing temperatures the reaction moves 

to the right giving rise to a more disordered distribution, while in a cooling system the 

opposite is true. Therefore, the site occupancies evolve towards a more ordered state as a 

function a) of the cooling rate of the rock and b) of the kinetics of the exchange process. 

Once the latter is known from laboratory experiments, it is possible to model the 

evolution of the site occupancies observed in a natural sample to retrieve the cooling rate 

of the host rock (Ganguly, 1982). 

EXPERIMENTAL 

The compositional properties of the minerals of GRO needed to recover cooling 

rates, were investigated using two different techniques: 1) X-ray single crystal diffraction 

to recover the quenched ordering state in the opx single crystals and 2) electron 

microprobe analyses between the pair sp-opx to detemiine the compositional profile and 

the equilibrium distribution of Fe-Mg between the two minerals. 

X-RAY DATA COLLECTION AND SITE OCCUPANCY DETERMINATION 

Three small opx crystals (-300 jim) were separated from a chip of the diogenite 

meteorite GR095555,26 for X-ray structure refinements. Single crystal X-ray intensity 

data for the three crystals—GROl, GR02, and GR03—were obtained using a Bruker 

SMART 1000 diffractometer with CCD area detector using a graphite-monochromated 

Mo Ka (X = 0.71073A) radiation at room temperature. The Bruker SMART software 



package (Bruker, 1997b) was used to collcct data between 0 and 40° in 0. A total of 4948 

frames were collected for GROl and GR03, while 6160 frames were collected for GR02 

(Table 5.1). Each fraine consisted of © scan of 0.15° width an X-ray exposure time equal 

to 10s. The three data sets were collected covering from 3° to 80° in 20 with a highest 

resolution of sin0max/^=O.89. The data were collected in multirun mode, where six runs 

were selected to maximize randomness; of these, 2 short runs of 50 frames were used to 

monitor decay of X-ray intensity. For these experiments, the CCD area-detector was 

positioned at a distance of 5.36 mm from the crystal, to cover a section of about 52°. 

After completion of the data collection, the Bruker SAINT software (Bruker, 

1997a) was used to integrate the observed intensities; with this Siemens software, global 

box size and intensity peak width are defined in degrees related to the sample detector 

distance and the broadening of the spots. Due to the sharpness of the peaks of these 

samples, box optimization and narrow frame algorithm were chosen as integration 

conditions (see Table 5.1 for initial box dimensions). For all runs the results of the box 

optimization algorithm converged. Also, in order to adjust for crystal translations (which 

were not detected) the orientation matrix was updated with a frequency of 303 frames 

with no crystallographic constraints imposed on the orientation matrix. Lorentz and 

polarization corrections were also applied using SAINT of the SMART CCD package. 

A total of 12437, 16661 and 12461 reflections for GROl, GR02 and GR03, 

respectively (Table 5.1), were integrated in the Laue class Vbca. For the data sets the 

highest and lowest redundancy were 7.54 and 4.64, respectively for GROl; 12.06 and 

6.16, respectively for GR02; and 7.48 and 4.67, respectively, for GR03. Also, the lowest 
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completeness was 94.27 for GROl, 95.01 for GR02 and 93.42 for GR03; for all data 

sets the highest completeness was 100. The observed reflections were correctcd for A,/2 

factor and absorption using the program SADABS (Sheldrick, 1996). Merging and 

averaging of the equivalent reflections was performed in the Laue point group mmm 

using the program SORTAV and F„ data sets were generated using the program BAYES 

(Blessing, 1987). For the GRO crystals, violations of the Vhca extinction conditions were 

not observed. A total of -2300 independent reflections were generated after merging of 

the data (Table 5.1). Lastly, unit cell parameters constrained to orthorhombic symmetry 

were refined using Bruker SAINT software (Bruker, 1997a), and are listed in Table 5.1. 

The site occupancies were refined using the program RFINE90 (Finger and 

Prince, 1975) using the X-ray data, ionic scattering factors, and bulk compositional 

constraints. The procedure of site occupancy determinations can be found in Stimpfl et 

ill. (1999) and will not be discussed here. 

In contrast with previous work, where Mn and Fe were treated as one component 

(Ganguly and Domeneghetti, 1996; Stimpfl et al, 1999; Ganguly and Stimpfl, 2000; and 

references therein), we did not partition Mn between Ml and M2. This approach was the 

results of a new experimental study on the fractionation behavior of Mn in Donpeacorite 

(Mgi.43Mno.54Ca<).3Si206). According to this study, Mn fractionates (for samples of 

comparable composition) on M2 much more strongly than Fe (Stimpfl 2003, Chapter 3); 

consequently, for concentrations usually found in natural opx, Mn is not fractionated over 

the two octahedral sites but is totally ordered in M2. 
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MICROPROBE ANALYSES 

The composition of each crystal used in the X-ray study was determined by a 

large number of spot analyses in a CAM EC A SX50 electron microprobe (EMP) with 

wavelength dispersive spectrometer (WDS) system using 15kV accelerating voltage, 

20nA beam currcnt and 30s counting times for peak and background. 

In thin sections GR095555,25-19-5, orthopyroxene is the dominant species 

(-95%) and has a grain size between 0.3-2.4 mm. Spinel grains range in size between 

~20-80jim across, and are usually interstitial among the pyroxenes grains (Papike et al, 

2000). Several concentration profiles of coexisting orthopyroxene-spinel pairs were 

determined for the GRO sample, on the largest spinel samples. The microprobe run 

conditions were the same as for the analyses on single crystals and the step size varied 

between 1 to 4um near the interface to resolve fine-scale compositional zoning. Each 

spot, both for the single crystals and for the thin-sections, was analyzed for the elements 

Si, Ca, Ti, Cr, Al, Mn, Na Mg, Fe, and V using the following standards: synthetic 

diopside for Si and Ca, ilmenite for Ti, synthetic chromite for Cr, synthetic pyrope for Al, 

synthetic spessartine for Mn, natural albite for Na, synthetic enstatite for Mg, synthetic 

ferrosilite for Fe, and vanadium metal for V. All the orthop>Toxene single crystals, and 

coexisting orthopyroxene and spinel pairs were found to be homogeneous within the 

resolution of the microprobe. Analyses for a coexisting sp-opx pair are reported in Table 

5.2 and the compositional profile for the same pair is reported in Figure 5.2. 

The average compositions for the single crystals GROl, 2, and 3 along with their 



respective standard deviations were used to determine the statistically most-probable bulk 

composition of each crystal. This was achieved by projecting the average composition of 

cach element, weighted by their respective standard errors, on to the n-dimensional 

surface that satisfies the crystal chemical constraints for orthopyroxene. This method is 

based on the work of Dollase and Newman (1984) and is described in detail by Stimpfl et 

al. (1999). The average and adjusted compositions of each crystal used for the cooling 

rate calculations are summarized in Table 5.3. For all crystals, the adjusted composition 

of cach element was found to be within the ±1 a error of its average composition. The 

site occupancy data of each crystal are summarized in Table 5.4. 

KINETIC DATA 

The kinetic data used to model the evolution of site occupancies were taken from 

Stimpfl et al. (2003b, Chapter 4). In this work the authors determined both the 

compositional and the fD: dependence of the 0/D reaction in orthopyroxenes. The 

temperature dependence of the kinetic constants (InK '' vs. 1/T(K), where K ' represents 

the specific rate constant for the forward reaction in niin"') was measured for two 

compositions, Fsu, and Fsso, over a wide temperature range. These calibrations produced 

the following compositional dependence for the rate constant: 

/ « ' ' ( m i n +  ( 4 - 1  ̂ 2 X F e  +  2 9 . 0 3 ) .  ( 4 )  

The compositional dependence of equation (4) differs from the one implied in 

Ganguly and Stimpfl (2000) in that it defines a faster trend. This discrepancy is probably 
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due to technique bias as suggested by a new study that compares point detector and CCD 

equipped diffractometer (Stimpfl et ciL, 2003c, Chapter 2). According to this new study 

CCD equipped di ffractometer seem to better resolve the site occupancies for low-iron 

pyroxenes compared to the older point detector diffractometers. 

Also, in order to evaluate the iD2 dependence of order/disorder reaction, the 

kinetic constants for an orthopyroxene of composition Fsso were measured at two 

different buffering conditions; Wiistite -Iron (WI) and Nickel-Nickel Oxide (NNO). 

These experiments confirmed that 1/6 power law introduced by Buening and Buseck, 

(1973) for Fe-Mg diffusion in olivine (at least for high ID2) is also appropriate for opx, 

and can be used to shift the logK^ vs. 1/T(K) calibration in fOi space. 

RESULTS 

INTERCRYSTALLINE REACTION 

We determined the closure temperature (Tc) for Fe-Mg mtercrystalline exchange 

reaction between sp-opx using the following calibration of Liermann and Ganguly, 

(2003) 

^ 1217(±120) + \12P(GPa)-n63X^i{Opx) + 2345(±188)Xc, jSp) 

In +0.351(10.102) 

where Kd is defined as: 

( F e ^ * / M g f  

" (Fe^* IMg)°l" 

The Tc for several sp-opx pairs for the GRO meteorite is ~900°C at Ibar (Table 

5.2) and falls within the range of ~670-1170°C detemiined for diogenites in Liermann 
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and Ganguly (2001). 

As mentioned above, the microprobe analysis of sp-opx pairs revealed no 

compositional zoning in either mineral of the pair (Fig. 2). However, even in the absence 

of any compositional profile it is still possible to determine a minimum-cooling rate, 

which would allow the profile to remain flat and would not reset the core composition of 

the spinel upon cooling. To do this we set up a finite difference scheme in a computer 

spreadsheet. The one dimensional time dependent diffusion equation: 

Dd'-C d 

dx' 
= —C 

dt 
(7) 

can be converted into a difference equation; 

D 
C ( x J + i , t )  - I C j X j  J n  )  +  C { X j _ i , )  

(AI)^ 

^ 7 > +1) C(X y ) 

(AO , 
(8) 

where Xj = jAx and tn = nAt. Ax and At represent the step size and the time step, 

respectively. 

Equation (8) can be rearranged; 

C { X j , t „ + i )  =  C { x j , t „ )  +  
DAt 

(Axf  
[C(x -f 1 ) 2C(x j ,t ) + C(x /-I )] : (9) 

where the term on the left hand side is for time tn+i and all the terms on the right hand 

side are for time tn, so that the configuration for the next time increment can be calculated 

from values in the previous increment. Stable solutions for this difference equation are 

obtained for 

DAt/(Axf<y2 . (10) 



The concentration as a function of time can be calculated by writing the 

concentration profile at t=0 into the first row, and using equation (9) to calculate the 

profiles at subsequent times. In our case, the concentration at t=0 corresponds to a flat 

profile where all the cells have a value equal to XMgsp = 0.257. The same equation can 

be copied into each cell of the spreadsheet except for the boundaries, where special 

conditions had to apply. For the interface, we assumed that the orthopyroxene 

composition remained fixed (infinite reservoir) and that the rim composition of the spinel 

changed according to Ganguly et al. (2000) 

e-^, (11) 

A H ^ n  
where (5 , AH° is the enthalpy change for the exchange reaction between spinel 

R 

and orthopyroxene (Liermann and Ganguly, 2003), and r| represents the cooling constant 

(K"'y ') for an asymptotic cooling. The other boundary corresponds to the core of the 

spinel located at ~42|im (half length) from the interface, where we assumed a symmetric 

boundary condition. For this condition the term is square bracket in equation (9) becomes 

[ 2 C r y _ i , / „  - I C x j J n } -

Because we are evolving profiles in a non-isothermal system, the value of D had 

to change as a function of time and temperature as seen in equation (3). The 

interdiffusion coefficient for Fe-Mg (Dpe-Mg) was modeled using a modified version of 

the data of Liermann and Ganguly (2002), which takes into account the effect of Cr on 

D(Fe-Mg) (Ganguly and Cheng, personal communication). Diffusion coefficients were 
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measured at two Cr rich composition between XCr=0.2-0.5, where XCr=Cr/(Cr+Al); 

these data and the one from Cr-free spinel (Liermann and Ganguly, 2002) were used to 

determine the compositional dependence of the D(Fe-Mg) by assuming a linear relationship 

between XCr and D. According to these data the net effect of chromium in spinel is to 

facilitate the diffusion of Fe and Mg. For example, for the spinel in GRO (XCr=0.79), Do 

is equal to 5.3E'''cmVsec., which corresponds to about 1.4 orders of magnitude higher 

than that in the Cr-free spinel. 

We modeled the evolution of the Mg profile in spinel from 900"C to a 

temperature of ~410°C, which represents the average Tc for the intracrystalline exchange 

reaction (see below), by changing the value of r\ until a flat profile was preserved also at 

low temperatures. The profile was considered flat when XMg®'' at a distance of three 

micron from the interface was equal to the core composition minus 0.001 unit. Note that 

this condition is very restrictive, given that from microprobe analyses the error on XMg 

is about ~ 0.004 (Table 5.2). 

The results reported in Table 5.5, suggest a minimum cooling rate of ~560°C/year 

when the diffusion data for a Cr-bearing system are used; while if the diffusion data for a 

Cr-free spinel are used, a minimum cooling rate of ~9°C/year can generate a flat profile 

in the spinel at ~410"C. 

INTRACRYSTALLINE REACTION 

The closure temperature for the Fe'"^-Mg intracrystalline exchange reaction in 

orthopyroxene was determined using the calibration kn» vs. T presented in Stimpfl et al. 
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(1999) for compositions FS19-FS75. As shown in Stimpfl (2003), calibrations for high Fe 

orthopyroxenes and retrieved cooling rates are not affected by how Mn is partitioned (i.e. 

ordered totally in M2 or partitioned with Fe as Fe*). However, in this work we decided 

not to partition Mn with Fe when computing the ko and the observed site occupancies. 

The ki) for the intracrystalline exchange is therefore defined as; 

The Tc for each of the three GRO orthopyroxenes averages at ~409°C (±10) 

(Table 5.4). 

By modeling of the ordering data, it is possible to recover cooling rates for the 

host rock once the cooling constant r| and kinetic data are known. To recover the cooling 

constant, t), the site observed occupancies of the orthopyroxene of GRO were modeled 

using the following equation; 

are parameters which contain information about the bulk composition and the ko 

(Ganguly, 1982). 

The were generated as a function of T and composition using equation (4); 

however, because the temperature is evolving, 1/T(K) was substituted with the 

temperature dependence described by the asymptotic model of equation (2); thus making 

(13) 

where F=exp[-C„K"^At(b'-4ac)''^]; G = 
laFi'uf j (/()) + b - {h^ -4acj 

; and a, h and c 
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FCM2 a function of and also of T]. The fOz was defined by the W1 buffer (Hewins and 

Ulmer, 1984). 

The observed site occupancy for all the GRO opx were reproduced, within one 

standard deviation, using the value of 1-|== 1.2x10'^ K"'y"^ which corresponds to a cooling 

rate, at Tc, of ~57l0" years (Table 5.4). 

Zema et al. (1997) recovered cooling rates, which span from a minimum of 

2°C/10 years a maximum of 5"C/10'^years, for several samples of diogenites from Fe-Mg 

order/disorder reactions in orthopyroxenes by using the kinetic constants of Ganguly and 

Tazzoli (1994). In order to compare the result from this study with their work, we 

recalculated the cooling rates for the GRO crystals using the Ganguly and Tazzoli (1994) 

compositional dependence [(InK*" = 31.587/T + (26.1+6.0XFe)], and partitioning the Mn 

together with Fe, to follow the same procedure of Zema et al. (1996). For the three GRO 

samples we recover a cooling rate of-7710 year (r| =1.5E"^K"'y ')• This value 

approaches their fastest cooling rates. 

However, if wc compare the cooling rate recovered with our equation (4) and the 

value retrieved using Ganguly and Tazzoli, our data are about 2 orders of magnitude 

slower (Table 5.5). 

DISCUSSION 

The textural and compositional data of GRO provided the initial clues that led to 

the belief that this meteorite was special in that it could contain retrievable information 

regarding in situ (site of formation) cooling rates. 
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However, the data collected during this study suggest a scenario that requires a 

multistage cooling history, which did not take place completely in the original site of 

formation at least for T<900°C (Figure 5.3). In particular, the texture and the 

homogeneity in composition imply that the meteorite cooled slowly from crystallization 

temperatures until it reached ~900°C. The absence of zoning in the sp-opx pair suggests 

that below the Tc for this exchange reaction, the rock underwent a rapid cooling in order 

to preserve the observed flat profile and the high temperature core composition of the 

spinel. As implied by the modeling of the spinel, using the diffusion data calibrated for a 

Cr-bearing system, the minimum cooling rate required to maintain a flat profile at 410°C 

is ~56(y'C/year. At some point, however, the cooling slowed down as suggested by the 

ordering data of the orthopyroxene. Using the different kinetic data available, the value of 

the cooling rate at 410°C (closure temperature for the 0/D reaction) varies up to 2.5 

orders of magnitude: from a slow cooling of ~5"C/10"year (q - 1.2E"^K"'y'') to a fastest 

700°C/10^year (q = 1.5E'^K"V"^) depending on which data are used. 

It is not possible a priori to choose between the different cooling rates derived 

from the order/disorder reaction. However, with the help of the di ffusion data from the 

spinel, it might be possible to constrain the best-case scenario for the evolution of this 

meteorite. We know that a one stage cooling process below 900°C is not capable of 

explaining simultaneously the observed compositional profile of the spinel and the cation 

ordering data of the opx. Jn fact, the cooling rate retrieved from the spinel, if unchanged, 

would quench the reaction in the orthopyroxene at much higher T than observed, and 

conversely, any of the cooling rates recovered from the orthopyroxene are so slow that 
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they would generate a well defined zoning in the spinel and reset its core composition as 

well. The only possibility to reconcile the two observations is to postulate that a change 

in thermal regime occurred after the sample cooled to a threshold temperature, T,h, below 

which the grain scale composition of the spinel is quenched but at the same time the site 

occupancy in the opx can continue to evolve (Figure 5.3). 

To identify this threshold temperature we proceeded in the following way; 

1) We evolved the site occupancies in orthopyroxene using two types of kinetic 

data - equation 4, and Ganguly and Tazzoli (1994) - and an initial r\ (1.2E K"'y"') equal 

to the high-temperature cooling constant used to model the compositional profile in 

spinel (Table 5.5). 

2) During the site occupancy evolution, we modified the thermal regime by 

changing the value of j] to the one observed from the cation ordering; the minimum 

temperature that allowed a change in the cooling constant and still reproduced the 

observed site occupancy in the opx, was identified as Tth (Table 5.5). 

3) We used the value for Tu, and T| so identified to model the compositional 

profile in the spinel, where Tth became the initial temperature for the evolution of the 

diffusion profile (old To). We then analyzed the profile thus generated at the T* for the 

order/disorder reaction (~410"C) to confirm that the profile for the spinel remained 

essentially featureless. 

For both kinetic models, the Tti, was identified to be 440°C; when the profile of 

O I L  
the spinel was model using a value of r| equal to 1.2E" K' y" (which is the cooling 

constant recovered using equation 4) in the temperature range 440-410°C, a very small 



zoning contained within 3|.im from the interface was generated in the spinel. Becausc of 

the small extent of such zoning, it might go undetected during microprobe analyses due 

to convolution effects at the interface (Ganguly et al, 1988). On the other hand, when we 

modeled the spinel using a cooling constant of 1.5e'''K''y ' (from the kinetic data of 

Ganguly and Tazzoli, 1994) in the T range 440-410"C, a flat profile was produced. From 

this analysis, it emerges that it is not possible to discriminate between the two different 

cooling rates in the low temperature ranges, and even though they greatly differ, we need 

to consider them equally probable. 

Because we identified probable cooling rates from both the sp-opx and 

order/disorder data, it was possible to recover the depth of burial within the parent body. 

We reconstructed the burial depth of the sample within the rego 1 i t h^megarego 1 i th blanket 

in the HED parent body by using a solution of the heat conduction equation for a semi-

infinite solid characterized by a constant thermal diffusivity, k, and with the following 

initial and boundary conditions (Liermann and Ganguly, 2001). Initially, the temperature 

is constant in a region 0<x<d, and zero at x>d, while the surface at x=0 is maintained at 

zero at t>0, where d represents the total thickness of the layer and x describes the position 

of the sample within d (equation 12, Liermann and Ganguly, 2001). We assumed that the 

sample was buried under a regolith blanket that had the same thermal diffusivity as the 

C  'J  
Apollo 16 soils that is 10" cm /sec. We then solved the equation for both high and low-

temperature ranges using the cooling rates derived from the spinel and the cation ordering 

modeling, respectively. 
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The resulls from the modeling suggest that in order to obtain the high-T cooling 

rate of ~560"C/year the sample had to be buried at a very shallow depth, ~20cm within a 

regolith blanket of at least five meters in thickness; the slowing of the cooling rate below 

440°C, was achieved by increasing the regolith cover between 250-7()cm in a regolith of 

at least 100 meters thick. This suggests that the cooling rate might have slowed down due 

to ongoing bombardment, which increased the amount of regolith covering the sample. 

SUMMARY 

The most plausible scenario for the thermal evolution of GRO suggests a slow 

cooling in situ down to ~900"C followed by a fast cooling down to 440°C, at a rate equal 

to the high temperature cooling for the spinel ~560°C/year (r|=1.2E"^K'V^)- This cooling 

was achieved within a shallow regolith blanket at a depth of about 20cm. However, in 

order to develop the observed cation distribution in the orthopyroxene, the cooling rate 

had to slow down, around 440°C, to ~0.005-0.7"C/year (Figure 5.3). Such cooling was 

fast enough to keep the compositional profile in the spinel quenched but slow enough to 

allow for further evolution of the site occupancies in the orthopyroxene. The decrease in 

the rate of cooling could be achieved by thickening of the regolith blanket of ~250-70cm. 

This scenario is consistent with excavation from the original site of crystallization 

and subsequent fast cooling in the regolith; however, during the cooling of the sample the 

regolith thickened, possibly due to debris falling out from subsequent impacts on Vesta, 

which slowed down the initial cooling of GRO. Even though GRO was buried in a 

relatively shallow environment, the lack of shock texture and extensive fractures require 



that the sample had to come to rest in a location where meteorite bombardment 

infrequent. 



FIGURE 5. 1 
Cross-Nicol image of GR095555,6. Arrows point at well developed triple junctions. 



FIGURE 5.1 
Spatial variation of the composition for coexisting orthopyroxene-spinel pair in the GRO meteorite. The boxed area indicates 
the convolution domain due to spatial averaging in the microprobe spot analyses (Ganguly et al. 1988). 
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FIGURE 5. 3 

Summary of cooling path for GR095555 as determined from the compositional 

properties of the spinel and of from the order/disorder reaction for the orthopyroxene. 

For explanation see text. 
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TABLE 5. 1 
Data collection parameters and cell constant in A for the three 
GRO crystals. 

Sample # GROl GR02 GR03 

Data collection 

39 39 39 
No. of frames 4948 6160 4948 
No. of measured reflex. 12437 16661 12461 
No. of indipendent reflex. 2342 2343 2301 
X initial box size 1.11 1.07 1.03 
Y initial box size 1.11 1.07 1.03 
Z initial box size 0.5 0.34 0.44 

Crystal data 

a 18.2954 (5) 18.2994 (5) 18.2951 (4) 

b 8.8724 (3) 8.8746 (3) 8.8733 (2) 
c 5.2115 (1) 5.2111 (1) 5.2082(1) 

V 845.96(6) 1 846.28 (6) : 845.49 (6) 

a 90 90 90 

P 90 90 90 

Y 90 90 90 

No. ofrelle.K. for cell parameters 4564 3721 4750 

Standard deviation are in parenthesis 
No. = Number 

reflex. = reflections 



TABLE 5. 2 
Microprobe data for coexisting orthopyroxene and spinel, 
and their closure temperature for Fe-Mg intercrystalline exchange 
reaction. The numbers in parentheses are the estimated standard 
deviations. 

Sample GR095555,19 

Mineral Orthopyroxene Spinel 

Si02 53.17(43) 0.032(13) 

AI2O3 0.80(5) 9.774(23) 

TiO, 0.13(4) 0.647(6) 

CfiO* 1.03(11) 53.755(51) 

MgO 27.25(12) 4.879(5) 

FeO 14.74(19) 25.085(20) 

MnO 0.64(2) 1.243(4) 

CaO 1.24(5) 0.011(1) 

Na,0 0.02(2) 0.014(1) 

total wt% 99.02 95.44 

Si 1.947(6) 0.001 (5) 

A1 0.034(2) 0.414(7) 

Ti 0.003(1) 0.017(2) 

Cr 0.030(3) 1.526(6) 

Mg 1.487(7) 0.261(4) 

Fe 0.451(6) 0.753(7) 

Mn 0.017(1) 0.038(2) 

Ca 0.049(2) 0.000(0) 

Na 0.002(1) 0.001(1) 

X(Cr) 0.015 0.787 

X(Fe) 0.233 0.743 

X(Mg) 0.767 0.257 

lnKD{Fe-Mg) n.a 2.254 
-p <iQ (a) n.a 897 

Equation from Liennann and Ganguly, 2003 
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TABLE 5. 3 
Initial (1) and adjusted (adj) bulk compositions of the orthopyroxene 
crystals from GR095555 meteorite used for the determination of cooling rates. 
An initial composition represents the mean of a large number of spot analyses. 
The numbers within parentheses are the estimated standard deviations 

Sample GROl(I) (adj) GR02(I) (adj) GR03(I) (adj) 

Si 1.976 (4) 1.972 1.977 (4) 1.972 1.976 (5) 1.971 
A1 0.034 (5) 0.032 0.034 (5) 0.031 0.034 (5) 0.034 
Ti 0.002 (0) 0.002 0.002 (0) 0.002 0.002 (0) 0.002 
Cr 0.022 (1) 0.021 0.021 (1) 0.021 0.021 (1) 0.021 
Mg 1.434 (7) 1.443 1.437 (8) 1.446 1.435 (6) 1.442 
Fe 0.459 (5) 0.464 0.457 (5) 0.462 0.458 (5) 0.464 
Mn 0.016(1) 0.016 0.016(1) 0.016 0.016(1) 0.016 
Ca 0.048 (1) 0.480 0.048 (1) 0.480 0.049 (1) 0.049 
Na 0.001 (1) 0.002 0.001 (1) 0.001 0.001 (I) 0.001 

Total 3.993 4.000 3.993 4.000 3.993 4.000 
Charge 12.000 12.000 12.000 12.000 12.000 12.000 

Al(T)"'^ 0.024 0.028 0.023 0.027 0.024 0.029 

A1(M)''" 0.010 0.004 0.010 0.003 0.010 0.005 

d(M-r)''" -0.012 0.000 -0.012 0.000 -0.011 0.000 

M-cations 1.993 2.000 1.993 2.000 1.997 2.000 

^ A1(T); A1 in T site; A1 (M); A1 in M site 

d(chr(M)): excess positive charge in M site due to the substitution for 2"'' cations 

^ d(M-T): difTerence between the charge excess in M site and the charge deficiency 
in T site 
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TABLE 5. 4 
Summary of the site occupancy data, ko , closure temperatures (Tc ) and cooling time 
constants (h) of the orthop>Toxene crystals from Grosvenor Mountains 95555,26 
meteorite. The esd stands for the estimated standard deviation of the site occupancies of 
Fc and Mg arising from those of the structural data, as given by the refinement program 
RFINE90. The errors from the chemical analyses combined with those from the structural 
refinement doubles the reported esd. 

Sample No. GROl GR02 GR03 

Ml site 
Fe 0.0340 0.0307 0.0331 
Mg 0.9384 0.9426 0.9389 
Al 0.0042 0.0034 0.0046 
Cr 0.0212 0.0211 0.0212 

Ti 0.0022 0.0022 0.0022 
M2 site 
Fe 0.4293 0.4309 0.4305 
Mg 0.5047 0.5037 0.5032 
Mn 0.0164 0.0159 0.0161 
Ca 0.0481 0.0481 0.0489 
Na 0.0015 0.0014 0.0013 
T site 
Si 1.9718 1.9725 1.9711 

Al 0.0282 0.0275 0.0289 

ko 0.0426 0.0381 0.0413 

Te ( °C) 418 397 412 

ri, K"'Y'' "" 1.2E-08 1.2E-08 1.2E-08 

XFe(M2) obs." ' 0.4596(19) 0.4610(16) 0.4611(11) 
XFe(M2) mod.'^'^ 0.4614 0.4595 0.4619 

(dT/dt)@Tcrc/ioV) 5 5 5 

Equation from Stimpfl et al. (1999) 

Kinclic data from Stimpfl et al. (2003) 
obs. = observed 

® mod. = modeled 
XFe(M2) = Partial Molar Fraction of iron in M2 
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TABLE 5. 5 
Summary of the minimum cooling rates at Tc retrieved from modeling the compositional 
profile in spinel and the observed site occupancies in orthopyroxene. 

To Tth Tc ^ / y  '•'^CR-rc/y 

Sp-opx"'* 900 409 1.20E-03 558 

Sp-opx^'^' 900 409 2.00E-05 9 

Order/Disorder''^^ 440 409 L20E-08 0.005 

Order/Disorder^®^ 440 409 1.50E-06 0.698 

CR = cooling rate at Closure temperature 

Diffusion data from Ganguly and Cheng, Pers. Comm 

Diffusion data from Liermann and Ganguly, 2003 

'•^ICinetic data from equation (4) 

^^tenetic data from Ganguly and Tazzoli (1994). 



APPENDIX A: CATION ORDERING IN ORTHOPYROXENES FROM TWO 
STONY-IRON METEORITES: IMPLICATIONS FOR COOLING RATES AND 
METAL-SILICATE MIXING 
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Cation ordering In orthopyroxenes from two stony-iron meteorites: 
Iipplicallons for eooliiig rate and metal-sllicate mixing 
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Abstract—We have determined the cooling rates of orthopyroxene crystals from two group IVA stony iron 
meteoritss—Steinbach (ST) and SSo Joio Nepomuceno (SJN)—on the basis of their Fe-Mg ordering states. 
The rate constant was calibrated as a function of temperature by controlled cooling experiments using 
orthopyroxene crystals separated from ST. These data were used along with earlier calibrations of the 
equilibrium intraciystalline fractionation of Fe and Mg as a function of temperature for crystals separated from 
both meteorites to calculate their cooling rates. The site occupancies of the orthopyroxene crystals were 
determined by single-crystal X-ray diffraction subject to the bulk compositional constraints. The closure 
temperatures (TJ of cation ordering for the untreated crystals from SIN are ~400°C, whereas those from ST 
vary between ~430 and 470°C. Reconciliation of the metallographic and orthopyroxene cooling rate data, 
within the framework of the metal-silicate mixing model of Haack et al. (1995), suggests that these two stony 
irons had cooled at a similar rate of ~40CrC/Ma through the closure temperatures for cation ordering in the 
orthopyroxenes. This was followed by slow cooling for ST at ~50°C/Ma at T < 425°C. Similar slow cooling 
was not recorded by the metals in SJN. which implies that if this stony iron were subjected to slow cooling, 
it must have been below 350°C. The similar cooling rates above 425''C for both ST and SJN, as required to 
reconcile the metal and orthopytoxeije cooling rate data, is at variance with the earlier notion (Rasmussen et 
al.. 1995) of distinctly different cooling rates for the high and low Ni IVA irons and stony irons. The cation 
ordering and metallographic cooling rate data are also amenable to an alternative interpretation, which requires 
two different parent bodies for the two stony irons, and mixing of the metal and silicate components of ST 
after the metals had cooled below the closure temperature of Fe-Ni interdiffusion. However, the available 
textural data for ST seems to argue against such metal-silicate mixing model. Copyright O 2000 Elsevier 
Science Ltd 

1. INTRODUCTION 

Steinbach (ST) and SSo JoSo Nepomuceno (SJN) are stony 

iron meteorites consisting of a unique mixture of metals and 
~60 vol% of silicates made of coarae-grained mixture of 

tridymite, orthopyroxene and clinopyroxene. Scott et al. (1996) 
showed that the chemical properties of the metal phases of 

these meteorites are closely related to those of IVA irons, 
which suggest a common origin for both types. Rasmussen et 

al. (1995) determined the metallographic cooling rates (MCR) 

of the IVA irons and stony irons by using the updated data for 

the Fe-Ni phase dit^ram and Ni diffusion coefRcients (Soiku-
mar and Goldstein, 1988). They found a wide range of values 
from 19 to 3400 K/Ma. which could be separated into two 

groups uxording to the Ni conlent of the meteorites: one group 

with Ni < 8.4 wl% with a very Urge range of cooling rate 

between ~2S0 K/M® and 3400 K/Ms, apparently eorretoting 

inversely with the Ni content; the other a relatively high-Ni 

group (8.6-10.5 wt%) with much slower and similar cooling 

rates betwoa 20 and 60 K/Ma. The mean MCR for ST is ~20 

K/Ma, whereas that of SJN is ~900 K/Ma. Tt»ese cooling rates 

are compatible with the MCR versus Ni content syslematics 

observed for the IVA iron meteorites. 
The large span of MCR for IVA irons poses severe problems 

This Bssiarch WM sypportsd by ® NASA Omul NAGW 3638, 
* Aytlior to whom comsfmuksn; should be mklnuai (|<ngyl)'9 

with a model of origin in a common asteroidal core. Also, the 

metal-silicate mixing of the iVA stony iions remains a puz

zling issue. Moren and Goldstein (1978, 1979) argued that the 

IVA irons meteorites did not originate in a core, but oystallized 
from metallic melts dispersed throughout the mantle of the 

parent body. Ulff-M0ller et al. (1995) argued that the silica 

saturated mineralogy of the IVA stony irons could not have 

crystallized from magmas that evolved in an olivine rich man

tle. They suggested a model of metal-silicate mixing near the 

core-mantle boundary in which the magmas were separated 

from the refractory residue at different stages of partial melting 

and injected into the core through tectureE that pnesumably 
developed by solidification shrinlcage of te core. According to 

them, this model also helps explain the low Fe/Mn ntio of 

pyroxenes in the IVA stony irons, as Fe would be reduced by 
equilibration with the metal. 

Scott et al. (1996) showed that even though the IVA irons 

have extremely diverse cooling rates which are difficult to 

reconcile with a modal of their core origin in a parent body, the 

chemical chancteristics of the IVA metal phases are coneisusnt 

with frsctiontl crystalliation of an sttsroidal core, which con

tradicts the "raisin breed" model of Moren and Ooldstein 

(1978, 1979). Haack el al. (1996) carried out transmission 

electron microscopic (TEM) sludiss of the diKwdEntid clino-

broiKise in the ST meteorite by using electron diffraction and 

high-resolution imaging techniques, and concluded from these 

data that it had cooled ®t ~IOO°C/br through I200°C, whereas 

the IVA irons had cooled much slower coollnt. <300°C/v. in 
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the range 1200-1000°C, K ewdeneed by the absence of den

drites in large troilile eodules. 
To explain the metal-silicate mixing and to reconcile the 

suggestion of Scott et al. (1996) Aout the core origin of the 

metals with their diverse metallographic cooling rates, Haack et 

al. (1996) developed a fonr-stage evolutionary mode! for the 
IVA irons and stony-irons: (I) high-velocity impact of the 

asteroids! parent body after ~9S% crystallization of the core; 
(2) gravitational reassembly of the silicate mantle and the metal 
core fragments within a dust cloud; followed by (3) cooling 
through temperature range (~750-400°C) required for the 

development of exsolution textures in Fe-Ni alloys; and (4) 

catastrophic dtsraption 450 My ago, which represents the cos

mic ray exposure age of most IVA irons (Voshage and Feld-
man, 1979). In this model, the metals are expeaed to record 

diverse cooling rates as these were buried at random depths 
after the gravitational reassembly. However, as discussed by 

Rasmussen et al. (1995), the problem with the breakup-reas-
sembly model is the apparent exclusive yield of the high Ni 

meteorites from a single slowly cooled fragment requiring a 
meteorite yield factor equivalent to that of a randomly sample 

single core. 
The quenched Fe'^^-Mg ordering state between the MI' and 

M2 structural sites of an oithopyroxene crystal is an important 
recorder of its cooling rate (Oanguly, 1982). The closure tem
perature of catimi ordering falls in the range of ~300-400°C 

for cooling rates in the range of l-IO^'C/Ma (Ganguly et al., 
1997). Thus, the Fe-Mg ordering state of orthopyroxene pro
vides an important method of determining the cooling rate of 

the silicate component somewhat below the temperature range 
at which the metallographic cooling rates are valid (e.g., Gan
guly et al., 1994). If the break-up and reassembly model of 
Haack et al. (1996) were valid, then one would expect to 

retrieve similar cooling rates from both metal textures and 
Fe-Mg ordering data in orthopyroxenes because these would 

have cooled in the same environment through their respective 
closure temperatures. In view of the complexity of the prob
lems of metal-silicate mixing and thermal history of the IVA 

irons and stony irons, and the lack of any quantitative con
straints on the low temperature cooling rates of the silicate 

components, we undenook an investigation of the cooling rates 

of the oithopyroxene crystals in ST and SJN. 

disordering 

Fe^*(M2) + Mg(Ml) «• Mg(M2) -!- Fe'-'(Ml), 

<— ordering 

and developed an expression for tbe change of site occupancy 

as a function of time under isothermal condition. In this for

mulation, in which the homogeneous exchange reaction has 
been assumed to be a second-order elementaiy kinetic process, 

the time scale of ordering is related to the initial and final 

ordering states through the rate constant for the disordwing 
process, (*) and the equilibrium Fe^*-Mg distribution coeffi

cient, ig, between the two sites 

The rate of change of site oca|pancies or ordering state is 
governed ^both disordering (K) and oidering (J!) ratej 

slants, but K it eliminated by using the relation that = *7i 
The is defined as the ratio of (Fe^'^/Mg) in the Ml to that in 

the M2 site. The choice of which rate constant is to be retained 
is aibittary. 

Using Mueller's theoiy, Ganguly (1982) developed a numer
ical method of determining the cooling rate of orthopyroxene 

on the basis of its quenched or observed ordering state. The 
method, involves calculation of the ordering state of a crystal 

from an initial temperature in a series of isothermal steps 
approximating an assumed T-t relation following a smooth 

functional form (e.g., an asymptotic relation described by 
\/T - l/7"„ + i)t, where is the initial temperature and ij is 
a constant with the dimension of K~'r') and varying the 
latter (i.e., TJ in the asymptotic model) until a satisfactoiy match 
is obtained between the quenched ordering stale in the numer
ical simulaticsi and that observed in a natural crystal. (This 

method can also be used to retrieve the thermodynamic and 
kinetic parameters governing the ordering process by con
trolled cooUng experiments, as discussed below.) 

The retrieved cooling rate is quite insensitive to errors in the 

determination of Tg as long as it is within the domain at which 
thermodynamic equilibrium is maintained. However, It is veiy 

sensitive to errors in the determina^n of^te occupandes of 
the natural crystals and of and ^ (or ^ as a function of 

temperature and composition. In order to avoid Che probl^ of 
the compositional effects, we determined both and K by 

using crystals separated from ST and SJN meteorite fragments. 

2. RETKHEVAL OF COOLING RATES FROM CATION 
ORDEEING IN ORTHOPYROXENES: 

METHOD AND DATA 

2.1. Oiilllne rf Thewry mmI Npinerioil Melfcod 

The method of retrieval of cooling rate from the Fe'*-Mg 

ordering stale of orthopyroxene has been discussed in a number 

of earlier publications (e.g., Ganguly, 1982; Ganguly et al., 

1994; Ganguly and Domeneghetti, 1996). Thus, we provide 

here only a brief summary of the method and the underlying 

principles. In ortl^yroxenes, Fe'"* and Mg fractionate be

tween two nonequivsleM octahedral sites. Ml and M2, with a 
preference of Fe' * for M2 and that of Mg for M1 sites. Mueller 

(1967. 1969) developed a kinetic theory of order-disorder by 

treating the fractionatioa of cations between the nonequivalent 

stnictura! sites in terms of a homogeneous exchange im:tion, 

viz.: 

Z2. Site Occispmdaj of Orllsopyrojiemes freni th® IVA 
Stony Iran Meleoritn 

The site occufwiiciss of the orthopyroxene ciystals were 
determined by single crystal structure refinements, subject to 

the bulk compositional constraints. Siimpfl et al. (1999) carried 

out a detail comparative study of the procedures of site occu

pancy determination by using different strategies but the same 

X-ray data set, and concluded that the two widely used pro
grams SHELXL-9.1 (Sheldrick, 1993) and RFINEW (which is 
an updated version of RF1NE4, Finger and Prince. I97S) es

sentially yield the same results that are not significantly af

fected by whether one uses ionic or atomic scattering faaors. 

However, the use of ionic scattering factors yield better good

ness of fit and weighted agreement indes (R^). and smaller 

slandaid deviation on the site occupancy data. The reiuils 

(teined from either program were also in excellent agreement 
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Table 1. toitid (1) and adjusted (adj) talk compositions of fc oithopyroxeEe raystals ftom Sao Joao Nepomiiceito (S3N) and Steinbadi (ST) 
meteorites used for the determination of cooling rates. An initial composition represents the mean of a large tmrnber of spot analyses. The miiBbets 
within parentheses are the estiiMted SDs Smm the mem in the right justified form. 

SJN23 SJN23 SJN24 SJN24 SJN25 SJN2J ST71 ST71 ST76 ST76 ST77 STT7 
• Sample (1) («dj) Q) (adj) <1) («dj) (1) (adj) Q) (adj) (1) (adj) 

Si 1,986(3) 1.984 1.985(3) 1,983 1.985(5) 1.981 1,986(4) i,9833 1.988(1) I,9S® 1.990(3) 1.9849 
Al 0.014(5) 0.016 0.015 (3) 0.017 0.015 (4) 0.019 0.014(2) 0,0167 0.009(1) 0,0111 0.009 (3) 0,0151 
ri 0.001 (0) 0.0«) 0.001 (0) 0.000 0.001(1) 0.001 0,001 (1) 0,0005 0.001 (1) 0.0003 0.000(0) 0.0000 
Cr 0.018(1) 0.017 0.019(1) . 0.018 0,012(1) 0,019 0,016(1) 0.0158 0.011 (1) 0.0103 0.016(1) 0.0151 
Mg 1.668(4) 1.667 i.664 (6) 1.662 1,669(10) 1,665 1,641(7) 1.6424 1.665(3) 1.6623 1.648(7) 1.6503 
Fe 0.275(3) 0.274 0,281 (5) 0,279 0.274(3) 0,274 0.305 (3) 0.3053 0.304(3) 0.3013 0.304(3) 0.3047 
Mn 0.018(1) 0.018 0,019(1) 0,019 0.018(1) 0.018 0,016(1) 0.0160 0,015(1) 0.0146 0.016(1) 0.0160 
Ni 0.000(0) 0.000 0,000(0) 0,000 0.000 (0) 0.000 0,000(0) 0.0000 0.000(0) 0.0000 0,000(0) 0.0000 
a 0.023 (1) 0.023 0.021 (1) . 0,021 0.023 (1) 0.023 0.020(1) 0.0200 0.011 (1) 0.0106 0.014(1) 0.0140 
Na 0.001 (I) 0.0(H 0.001 (1) 0.002 0.001 (1) 0.001 0,000(0) 0.0000 0.000(0) 0.0000 0.000(0) 0.0000 
Fe3+ 0.000(0) 0.000 0.000(0) 0.000 0.000(0) 0.000 0,000(0) 0.0000 0.000(0) 0.0000 0.000(0) 0.0000 
Total 4.004 4.000 4.004 4.000 4.004 4.000 3.999 4.000 4.004 4.000 3.997 4.000 
Charge 12.012 12,000 12.013 12.000 12.012 12.000 12.002 12.000 12.006 12.000 11.999 12,000 
Airir 0.014 0.016 0,015 0.017 0.015 0.019 0.014 0.017 0,009 0.011 0.009 0.015 
A1(M)* 0.000 0,000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
dCchrgCM)" 0.018 0.016 0.019 0.017 0.020 0,019 0.018 0.017 0,013 0.011 0.016 0.015 
d(M-T)' 0.004 0.000 0,004 0.000 0.005 0,000 0.004 0.000 0.004 0.000 0.007 0.000 
M-cations 2.004 2.000 2.004 2.000 2.004 2.000 1.999 2.000 2,007 2.000 1.998 2.000 

» A1(T): A1 in T site; A1 (M); A] in M site. 
' d(chrtM))'. exess positive charge in M site due to the substitutioii fra- 2+ cations. 
" d(M-T): difference between the charge excess in M site and the charge deficiency in T site. 

with those obtained from the new refinement strategy devel
oped by Kroll et al. (1997, and personal communication). 

We separated a number of orthopyroxene crystals from ST 
and SJN and from these selected three crystals from each 

meteorite on the basis of their optical, dimensional, and X-ray 
properties for single-crystal structut® refinements. The site oc
cupancies were determined by using the X-ray data, ionic 

scattering factors, and the bulk compositional constraints in the 
program RFINE 90. The details of X-ray data collection and the 
procedure of site occupancy determination have been discussed 
in detail by Stimpfl et al. (1999) and are, thus, not repeated here 
for the sake of brevity. The observed X-ray intensities were 

weighted according to the scheme built into the program, which 

results in a normal distribution with mean 0 and variance 1 of 

the weighted difference between the observed and calculated 
intensities. Following Ganguly and Domeneghetti <1996), Fe''^ 
and Mn (~0.00S alomic fraction) were treated as one compo

nent, as these cations fiactionate almost equally between the 
MI and M2 sites (Hswthonie and Ito, 1978), and are designated 

as Fe*. 
After the X-ray data collection, «he composition of each 

crystals was delennined by a large number of spot analyses in 

an electron microprobe against mostly synthetic standards, as 
described in Stimpi et ai. (1999). Each crystal was found to be 

homogeneous within the resolution of the microprobe spot 

analyses, which were carried out by using 13 kV accelerating 
voltage, 20-23 nA beam current, and counting times of 20 s al 
the peak and 20 s al the background. The average compositions 

along with ttieir respective standard deviations (SDs) were used 

to determine the statistically most probable bulk composition of 

each crystal by a computer aided mathematical projection of 

the averaie composition of each elenoem, weighted by their 

respective SDs, on to the n-dimenstonal surface that satisfies 

the crystal chemical eoiBtnaiuta for orthopyroKeee. This 

method is based on the work of Dollase and Newman (1984). 

and is described in detail by Stimpfl et al. (1999). The average 
and adjusted compositions of each crystal used for the cooling 
rate calculations are summarized in Table 1. For all crystals, the 
adjusted composition of each element was found to be within 

the ± I or error of its average composition. The site occupancy 
data of each crystal are summaiized in Table 2. 

23. Determtaatioiii of the Theniiodyiiiamlc and Kinetic 

Stimpfl el al. (1999) determined the equilibrium defined 
as (Fe*/Mg)" '/(Fe*/Mg)"^, as a function of temperature for 

two orthopyroxene crystals, one separated from the ST mete
orite and the other from SJN. The equilibrium kj,-s for the ST 

crystals were determined at 700,800,900. and lOOO'C by both 
ordering and disordering experiments at each temperature, 

which constrained the equilibrium values vsiy tightly, whereas 

those of the SJN crystals were delermined by disordering 
experiments at 700 and 800°C and tightly constrained by both 

ordering ^ disordering experiments al 750°C. The fitted 

linear relations between WJ vereus l/T for the two cryaals 
are essentially the same, which is expected as these crystals 

(Ft„ and Fa,,) have similar compositions. The site occupancy 

of another low Fe crystal (Fs,,) from an Antarctic meteorite 

was also determined very precisely by using single crystal 

X-ny diffraction data but different structure rsfinement strat
egy (Kroll et al., 1997) by Lueder (199S; cited and discussed in 
Stimpi et si, 1099). The values retrieved from these data 
are also very similar lo those from the ST and SJN crystals. A 

leaat-squmw regression of she three low Fe data sets yields 
(Stimpfl et al.. 1999): 

2854(2:86) 
In 4® = + 0.603(±0.093) (I) 
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Table 2. Sammary of the site occopancy data, closure tempsratures (T^) and cooling time consBntts (ij) of the orthopyroxeiie crystals from Sio 
joao Nepomuceno (SJN) and Steinbach (ST). The SD stands for the estimated standaid deviation of the site occupandss of ft" (ix^ Fe + Mn) find 
Mg arising from those of lie structural data, as given by the refinement program RF1NE90. The imeertaiBty of the stnictsral and biiHt compositional 
data leads (o aocertainties of factors of —10 and 5 in the n values (and hence cooling rates) for the SIN and ST samples, rcspectiveiy. 

Sample EIO. 
Sao Jao Nepomuceno OISBIIIMSCII 

Sample EIO. SJN23 SJN24 SJN25 ST71 ST76 ST77 

Mlrite 
Mg 0.6945 0.6905 0.696! 0.6744 0.6900 0.6788 
Fe* 0.2815 0.2875 0.2803 0.3057 0.2994 0.3072 
Na 0.0015 0.0015 0.0010 0.0000 0.0000 0.0000 
Ca 0.0225 0.0205 0.0226 0.0200 0.0110 0.0140 

Ml dte 
Mg 0.9719 0.9712 0.9692 0.9680 0.9725 0.9712 
Fe* 0.0107 0.0104 0.0109 0.0156 0.0167 0.0138 
Al • 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Cr . 0.0173 0.0180 0.0194 0.0160 0.0110 0.0150 
Ti 0.0001 0.0004 0.0005 0.0010 0.0000 0.0000 

T site 
Si 1.9840 1.9830 1.9810 1.9830 1.9890 1.9850 
Al 0.0160 0.0170 0.0190 0.0170 0.0110 0.0150 
SD 0.0010 0.0008 0.0009 0.0009 0.0009 0.0(»9 
it 0.0270 0.0260 0.0280 0.0340 0.0400 0.0310 
K (°C) 405 396 409 442 473 429 
1}. K-'y-' 8JE-10 4.5B-I0 I.2BW 2.0E-(« 7.2SE^)S 4.60E-09 
(dT/dt>r COMa) 390 200 558 10225 40347 2267 

where the uncertaintifcs represent ^Ic (|P). 
In principle, each rate constant, K and K, can be retrieved by 

modeling the data on the change of either ordering or disor

dering state as a function of time and tempcratuiv if the is 
known as a function of temperature (e.g., Besancon, 1981; 
Ganguly, 1982; Anovitz et al., .1988; Saxena el al., 1987). 
However, contrary to the expectation from the kinetic model of 
Mueller (1967,1969), Stimpfl et al. (1997) found that the value 
of a rate constant at a fixed temperature depends on whether it 

is derived from ordering or disordering experiments. In partic
ular, K derived from disordering experiment using Mueller's 
kinetic theory (1967; 1969) was found to be significantly larger 
than thai derived from ordering experiments. Similar observa
tion was made by O'Neill (1994) for Fe'^-Mg order-disorder 

in spinels. A theoretical explanation of this difference in the 
retrieved values of a specific rate constant from the ordering 

and disordering experiments of otthopyroxene is still lacking. 

However, even though it cannot reconcile the data from the two 
types of experiments, Mueller's Unetic model provides a sat-

isfaaory phenomenological representation of the data from 

either type of experiment (Besancon, 1981; Saxena et al.. 1987; 

Anovitz et al.. 1988; Stimpfl et al., 1997). 

Since a rate constant is not only a fumctioti of temperature 

(and pressure) but alto of composition (Besancon, 1981; Gan

guly. 1^2; Ganguly and Tajzoli. 1994), we decided to deter
mine K m & funaion of leinperatiiFe using an orthopyroxene 

crystal from the ST meteorite, which obviates the need for any 

compositional con«clion on the rate constant. Atn, becsuse the 

value of a rate constant seems to depend on the nature ofjlhe 
experiment (ordering versus disordering), we determined K m 

a function of temperature by ordering the onhopyroxene crystal 

so it is compatible with that in the natural process of cooling. 

In this work, we deviated from the conventional approach 

(e.g., Besancon. 1981; Ganguly. 1982; Anovitz el al. 1988; 

Saxena et al.. 1987) of determining K by modeling the change 
of ordering state or site occupancies as a function of time at 
different temperatures. Instead, we carried out controlled cool

ing experiments which permit retrieval of a rate constant as a 
funaion of temperature by a much smaller number of experi

ments and crystal structure refinements than in the conventional 
method. A crystal from the ST meteorite was first annealed at 
a desired temperature (TQ) and then cooled at a fixed cooling 
rate, which was controlled by a computer. The cooling ratss, in 

°C/min. were as follows; 11.3 for the sample ST7.2.4 for ST6. 

0.48 for ST5/1. and 0.0115 for ST 3/2 (Fig. 1). The duration of 

annealing for equilibration at was guided by earlier experi
ence (Stimpfl et al., 1999). After cooling to a temperature of 
650°C, which is much below the closure temperature (T^) 

expected from the available kinetic and thermodynamic data 

and die imposed cooling rates, the sample was quickly removed 

from the furnace and quenched. Both annealing M TQ and the 
cooling experiments were carried out in sealed silica lubes in 

the presence of a wiisiite-iron buffer. The buffer was tested for 
its reactivity by sealing it with a relatively small amount of 

physically separated NiO inside a silica tube and holding the 
assembly inside a furnace for half an hour at S50°C. The NiO 

was found to completely convert to Ni. 

The results of controlled cooling experiments and the mod

eling of the data are illustroled in Fig. I. The quenched site 

occupancy in each experiment is shown by a filled circle along 

with its ± I <r uncettainiy arising from thai in the structural data. 

The bulk compositioitf and site occuptncies of the crystals 

(STS. ST6. and ST7) used for the controlled cooling experi
ments were determined in the same way us thoK of the iffi-

treated crystals (the complete data ire not shown for the sake of 

brevity, fell are available fraro the awhws). Tlie solid lines are 

the calculated evolution of the ordering states of the orthopy

roxene crystals according to the imposed cooling rales and a 
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Fig. 1. Controlled cooling rate esperimcnts using orthopyrosene 
crystals from the Steinbach meteorite to deiive the disord^ng rate 
constant during the ordering process of Fc* and Mg between, the 
Ml and M2 sites. Fe* = Fe'̂  + Mn (the lolal atomic fraction of Mn 
is —0.005). The slanted solid line represents the equilibrium ordering 
path. ST5, ST6, and ST7 are crystal numbers. The qyenched occupancy 

. of Fe* in the M2 site fcff each cooling rate is shown by filled circles 
with ± 117 error bars. The comsponding initial annealing temperanirBS 
are shown on the equilibrium path. The solid and dashed lines represent 
the calculated evolution of the ordering stales for the imposed cooling 
rates and rate consEants given by Eqits. 2 and 3, respectively. 

single temperature dependent disordering rate constant, K, that 

leads to tl^ best fit of the four quenched ordering states. The 
retrieved K can be expressed in an Arrtienian form as: 

7.6 X io'2e-"'""/min (2) 

which implies an activation^erg^(0) of 78506 cal/mol. 

In principle, both and K (or K) can be retrieved from the 
controlled cooling experiments, but since there are four un

known constants in the expressions of these parameters, it is 
desirable to have data from more than four controlled cooling 

ex peri menu. modeling the present set of data, we used the 
ko values from Eqn. 1, which incorporates the data for a 

Steinbach orthopyroxene, instead of treating^ as an adjustable 
parameter. The pre-exponencial parameter (Kg) and Q in Eqn. 

2 were derived by interfacing the calculation of the change of 

ordering state as a function of temperature with an optimization 

program, MINUIT (James and Roos, 1975), and treating both 

pararoelera as adjustable verifies. The program was made to 

find the best combination of ATg and ^ that provides the best 
overall match, according to the least-squares method, between 

the experimental and calculated values of the quenched order
ing stales. The retrieved activation eiprgy seems somewhat too 

high compared to thai derived for K from the ordering exper

iments by using orthopyroxene crystals of ~Fs„, composition, 

which is 71409 cal/mol (Slimpfl el al., 1997. and work in 

progress). Of course, Q could change as a function of compo-

Fig. 2. Arrhenian plot illustratiiM the dependence of fte disordering 
rale constant, on temperature (K = (a) Both Xj and 0 
are do^ved from the controlled cooling rate experiments (Fig. I); (b) 
only K„ was derived from the controlled cooling rate experiment, 
whereas Q was constrained to 71409 cal/mol; (c) ^e result fmm the 
optimized expression of Ganguly and Taizoii (IW). 

sition, but if we constrain it to the latter v^e, then the 
optimization analysis through MINUIT yields Kq = 3.10 x 
lO'Vmin. The corresponding Anhenian relation is then: 

•3.1 X 10" e- /min .(3) 

The Arrhenian relations given by Eqns. 2 and 3 ate illustrated 
in Fig. 2. 

Using the available data on the disordering rate constant, K, 
derived primarily from disordering experiments, Ganguly and 
Ta22oli_^l994) obtained an optimized Arrhenian relation, in 

which KQ was expressed as a function of composition, and Q 
was assumed to be constant Using an orthopyroxene compo

sition of Fs, J, their relation is compared with those obtained in 
this work in Fig. 2. The difference between the Arrhenian 

relations derived above and that obtained by Ganguly and 

Tazzoli (1994) partly lies in the difference between the nature 
of change of Ft-Mg site occupancy (ordering versus disorder

ing) in the two data sets (also see Stimpfl et al., 1997), and also 

probably to a larger compositional dependence of the mte 

constant than assumed by Ganguly and Tazioli (1994) from 
meager data of this natUR:. 

3. COOLING RATIS FROM THE CATION ORDEKIPIG 
DATA 

Using the above data on and AT. we calculated the cooling 

rates of the natural crystals so that the quenched ordering slates 

in the calculated evolution of ordering state as a function of 

temperature match those determined for the nasural crystals. 
The cooling was assumed to follow an asymptotic (1/7' -= l/7g 

+ ijO model. The for each sample along with the retrieved 

values of the constant ?j. corresponding lo the Arrhenian nsla-
tion given by Eqn. 2, are summarized in Table 2. Use of the 
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Fsg. 3. Cwnparistm of tfie cooling rates at ~400 — 450®C derived 
from the Fe-Mg ordering data In orthopyroxenes (open diamonds), and 
kinetic parameter given by Eqn. 2, wi^ those derived from the metal-
lographic data (fiiied circles) in SSo Joio Nepomuceno and Steinbach 
meteorites. The kinetic data is given by Eqn. 2. The vertical bars 
represent iiltr errois In the cooling late values. 

constrained Arrtienian relation, Eqn. 3. yields ij values that are 

larger by factors of ~6 and ~8 for the ST and SJN samples, 

respectively, than those given in Table 2. It is generally recog

nized that the cooling rate derived from a particular tempera

ture sensitive property of a mineral is strictly applicable only 

near the closure temperature of that property. Al the latter 

condition, however, the calculated cooling rates are not very 

sensitive to the choice of the cooling model even though these 

may differ significantly at other temperatures depending on the 

cooling model. 

The retrieved cooling rates M approximately the mean clo

sure temperatures for the two groups of crystals, i.e., 400°C for 

SJN and 4S0°C for Steinbach, using the t) values summarized 

in Table 2 are illustrated in Fig. 3 along with the nsspective 

metal lographic cooling rates. The cooling rates obtained from 

the constrained K (Esjn. 3) are larger by factors of ~6 and ~8 

for ST and SJN cry Halt, respectively, since dT/dt - -tjT'. 

Although they suggested a cooling rate of ~20°C/M» for ST. 

Rasmussen el al. (I99S) were able to Al the entiins spectrum of 

metallographic data only by considering a two-step cooling 

model, namely a high temperature step above ~440 - 460°C 

characterized by a cooling mte of ~I30°C/M8, followed by 

slower cooling of ~20°C7M*. Both of these cooling rates have 

been illustrated in Fig. 3. Considering the errors in the deter

mination of ordering stales of orthopyroxene arising from those 

in the structural (Table 2) and compositional data (Stimpfl et 

al.. 1999), we estimate uncertainties of around factors of 10 and 

J in the calculated cooling rates for SJN and ST onhopyroxene 

crystals, respectively. Ratmussen et al. (1995) untaiivefy esti

mated the uncertainly of the metallographic cooling rates to be 

'better than a factor of 3'. We have assigned an uncertainly of 

this magnitude to the MCR data. 

4. METAL-SMCATE MKING AND IMPLICATIONS OF 
THE ORTHOP¥BOXEl«: COOUNG RATES 

The thermal history Eind metal-siicate mixmg model of 

Haack es al. (1996) requires the metal md silicate components 

of IVA stony irons to experience simile thermal histoiy Wow 

the temperature of development of the metal textures. The data 

illustrated in Rg. 3 are compatible with this model only if the 

cooling rate data for both metals and orthopyroxenes are 

pushed to their statistical error limits in two opposite directions. 
In that case, one has to accept similar cooling rate, ~4WCl 

Ma. for both ST and SJN in the high temperature regime, i.e.. 

above 400-450°C. Calculation of the evolution of Fe^*-Mg 

ordering state, using the unconstrained kinetic data (Eqn. 2), 
shows that no significant ordering would take place if the ST 

samples cooled by -SO-OMa at T < 425°C Because the SJN 

metals do not record slow cooling at low temperature, one has 

to conclude that slow cooling in this stony iron ensued at a 
temperature, <350°C, at which the metals were unable to 

record it because of extremely sluggish Fe-Ni interdiffusion 
rate which has an exponential dependence on temperature. 

The reconciliation of the orthopyroxene and metal cooling 
rates becomes extremely difficult within the framework of the 

breakup-reassembly model ofHaiMA et al. (19%) if on| accepts 
the constrained kinetic data for the rate constant, *, for the 
Fe-Mg ordering in orthopyroxene (Eqn. 3). Although this 

would improve the agreement between the metal and orthopy
roxene cooling rates for the SJN samples by pushing the latter 
upward by a factor of 8-9. the cooling rates for the ST 

orthopyroxene crystals would be faster by factors of 5 to 7 than 

those shown in Fig. 3, making them loo fast compared to the 
metal cooling rates. Explanation of these data would then 
necessitate cooling, of the silicates and metals in ST in different 
environments, shallow and deep-seated, respectively, and mix
ing after the metals had cooled through the closure tempera

tures for the development of the metal textures. On the other 
hand, the metals and silicates of SJN would have to cool in the 
same eravironmeM and thus had to be assembled prior to the 

development of metal texwres. Consequently, these two stony 

irons would have to be derived from two different parent 
bodies, which brofee up at different stages relative to the tem

perature of development of the metal lextuies, and reassembled 

gravitationally to produce metal-silicate mixtures. However, a 
strong argument against this model comes from the textural 

data of ST, presented by Scott et al. (1996, Fig. 3b). which 

shows silicates, including orthopyroxenes, embedded in what 

seems to be a large (~3.4 cm) single crystal of metal with 
exsolution textures oriented in the same direction throughout 

the section. This type of embedding would seem very unlikely 

if the metals Md silicates were sssembled after the metals 

cooled below 350°C. This it a stronger argument against the 

two pareiM body model than the notion (Rasmussen el al. 1995) 
that Scott el al. (1996) were able to relate the inleretemenl 

propenies of metals in these meteorites to a frMionsI crystal-

lization model of a common metallic core. This is because they 
assumed a complex nonequilibrium partitioning behavior of S 

between solid and liquid metal as a function of S concentration, 

and an admittedly unrealistic assimilation model in order to 

match the observed inlaielemeiil data lo a fmcliofiai ciystaili-

zation trend. Even then, the fractional Crystalliztitioii-Bssimila-

St» Jut 
Nt / t m M C f §  
(N|.«<rt%) 

}, 
T > 450 OC 

T < 450 ®C 

SIliMtttk 
(Ni>«.i<n%) 
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tion mode! was not completely successful (e,g., Co versus Ni 

trend). 
In summary, we favor a single parent body model for the 

high and tow Ni groups, primarily on the strength of the 

textural data, as discussed above. The reconciliation of the 

metal and orthopyroxene cooling rate data within the frame-

woA of a single parent body mode! suggests that both ST and 

the SJN cooled fairly rapidly and at a similar rate of 
~400°C/Ma at high temperature, after the gravitational reas

sembly of the disrupted parent body created a random mixture 

of the metal and silicate components, as envisioned by Haack 
et al., 1996. This was followed for ST by slow cooling at 
~50°C/Ma at r < 425 °C. The slow cooling did not ensue for 

SJN until the temperature dropped below ~350°C where the 

diffusion kinetics in the metals were too slow to record the 

change of cooling rate. Tlie similar cooling rates for both ST 
and SJN above 425°C. as required to reconcile the metal and 

orthopyroxene cooling rate data, is at variance with the earlier 

notion (Rasmussen et al., 1995) of distinctly different cooling 
rates for the high and low Ni iron and stony irons. The question, 
however, remains as to why the most probable estimate of 

cooling rate of each orthopyroxene crystal from Steinbach is 
much faster than those from Sao Jo3o Nepomuceno, although 

the cation ordering states of both groups of orthopyroxenes 
were determined by the same method. 
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