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ABSTRACT 

 

We have determined the diffusion coefficient and activation energy of Cr 

diffusion in magnesium aluminate spinel as a function of temperature and oxygen 

fugacity (fO2) over the range of 950o – 1200o C, and fO2 corresponding to the wüstite-

magnetite buffer ± 2 log units.  Our results come from controlled-fO2 diffusion 

experiments conducted on natural Sri Lankan spinel crystals of end-member composition, 

MgAl2O4.  Our results indicate that Cr diffusion in spinel is as great as four orders of 

magnitude slower than Fe or Mg (Liermann and Ganguly, 2002) and has a positive 

dependence on oxygen fugacity.  We use these experimental data to calculate cooling 

rates of the solar nebula as recorded by complex compositional Cr zoning in an in situ 

spinel from the Allende CV3 chondrite (sample ALSP1).  Petrographic evidence (Simon 

et al., 2000) and thermodynamic calculations (Ebel and Grossman, 2000) support that 

ALSP1 condensed directly from the solar nebula at a Ptot of 10-3 bar, a dust/gas 

enrichment of 100 relative to solar, and a temperature of 1780 K.  We report that the 

highly angular Cr / (Cr + Al) zoning pattern could not have been preserved if initial 

cooling rates were slower than 0.76 ± 0.72 °C/hr, following an asymptotic cooling model.   

We have calculated the closure temperature of the short-lived 53Mn-53Cr decay 

system (t1/2 = 3.7 My) as a function of grain size, cooling rate, and initial cooling 

temperature.  Significant differences in Cr diffusivity in minerals used in Mn-Cr 

chronometry (eg. olivine, orthopyroxene, spinel) indicate that, especially at high initial 

cooling temperatures, isotopic closure occurs at different temperatures, which, if 
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uncorrected, may result in inaccurate Mn-Cr ages.   

We also report the remarkable sensitivity that varying degrees of 

nonstoichiometry (i.e. density of lattice vacancies) may influence cation diffusivity in 

spinel structures of the same chemical composition, as originally predicted in a numerical 

simulation study by Lu et al. (1994).  This finding complicates the use of a single 

diffusion coefficient for a given diffusing element(s) in the spinel structure and 

potentially other minerals, but offers a reasonable explanation to the range of diffusion 

data in the literature retrieved from experiments on natural samples.    
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CHAPTER I: 

INTRODUCTION 

 

The mobility of atoms in crystalline material is fundamental for understanding the 

nature and timing of important Earth and planetary processes.  Diffusion kinetic data is 

commonly used in geological studies to: 1) retrieve information regarding the thermal 

history of natural materials as recorded by compositional zoning in minerals, and 2) 

determine the conditions of isotopic closure (closure temperature) of radioactive systems 

and, thus, a proper interpretation of mineral ages.  Diffusion data also have significant 

applications for the processing of industrial materials such as the engineering and 

innovation of aerospace and computational technologies.  The experimental 

determination of atomic diffusivity results from a series of steps: 1) laboratory 

experiments involving induced chemical diffusion under controlled P-T-X-fO2 conditions, 

2) analytical measurement of the induced compositional profiles, and 3) numerical 

modeling, or curve fitting, of experimental data to appropriate solutions of the diffusion 

equation.  Diffusion data for a variety of elements in minerals are summarized in RiMG 

Vol. 72 (2010). 

 

Fundamentals of diffusion 

Diffusion is most fundamentally defined as the movement of a species  (atoms, 

ions, molecules) through a medium (gas, fluid, mineral, glass) in the absence of bulk 

flow.  Diffusive transport occurs as a result of atomic motions that, in the presence of a 
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chemical potential gradient, can lead to a net flux of particles, most commonly from 

regions of high concentration to regions of low concentration.  Volume or lattice 

diffusion of atoms within crystalline materials is substantially slower than in fluid or gas 

media due primarily to considerable energy differences required to make/break bonds 

(eg. Watson and Baxter, 2007).  Over geologic timescales or at extremely high 

temperatures, however, these atomic-scale processes can lead to macroscopic effects.  

The difficulty of analyzing experimentally induced volume diffusion profiles in 

submicron scale has been circumvented to a large extent with the use of high resolution 

analytical methods, such as secondary ion mass spectrometry (SIMS), analytical 

transmission electron microscopy (ATEM), and Rutherford back scattering (RBS). 

The mathematics of diffusion is well understood (Crank, 1980; Carslaw and 

Jaeger, 1986) and is usually treated in terms of Fick’s Laws.  When considering diffusion 

in one-dimension in an isotropic medium, Fick’s 1st Law for a single component, 

diffusionis given as: 

    

€ 

Ji
j = −Di

j ∂Ci

∂x
                    (1)  

which relates the flux, J, of a species i through a medium j with the concentration 

gradient,
  

€ 

∂Ci

∂x
, with Ci decreasing in the direction of decreasing x, and diffusivity, D, of i 

through j.   D has dimensions of L2t-1.  Fick’s 2nd Law is commonly referred to as simply 

‘the diffusion equation’ and can be used to evaluate the time-dependence of diffusion.  

For one-dimensional diffusion of a single component in an isotropic medium, it is given 

by:  
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€ 

∂Ci

∂t
= Di

j ∂
2Ci

∂x 2
                    (2)  

This is simply a continuity relation utilizing the expression of flux given by Eq. 1.  

Solutions to the diffusion equation with appropriate initial and boundary conditions are 

used as a model to retrieve diffusion coefficients from experimental data. 

Diffusion has been shown to be sensitive to changes in temperature and, to a 

lesser extent, pressure, oxygen fugacity (fO2), composition, and crystallographic 

orientation.  The Arrhenian equation (Eq. 3) is used in conjunction with experimental 

data collected over a range of temperatures at fixed pressure and defined fO2 conditions 

to calculate the pre-exponential diffusion coefficient (D0) and activation energy (EA) of 

diffusion in a particular system. 

    

€ 

D(T ) = D0e
−EA

RT
                              (3)  

Arrhenian plots are generally presented in terms of log D vs. 1/T, which is as follows: 

    

€ 

logD = log D0 +
−EA

2.303R
⋅
1
T

              (4)  

If D0 and EA are constant for a given system, the experimental log D vs. 1/T data should 

follow a linear trend that can then be used to calculate at a temperature of interest the 

pressure dependence of D, as given by the relation 

    

€ 

∂ log D
∂P

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

T

= −
ΔV +

2.303RT
                    (5)  

where ∆V+ is the activation volume. 
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Cr in spinel   

Magnesium aluminate spinel (MgAl2O4) is a refractory oxide with important 

applications in the cement and steel-making industries due to its high melting temperature 

(2135°C) and resistance to weathering.  Spinel occurs naturally as a common minor 

mineral in metamorphic and ultramafic igneous assemblages, as well as in chondritic 

meteorites, and often preserves patterns of compositional zoning.  Chromium is an 

important minor element in the Earth’s mantle and in meteorites that is preferentially 

incorporated into the spinel structure.  Like other transition metals with incompletely 

filled inner atomic orbitals (i.e. 3d), Cr can exhibit a variety of valence states from Cr+ to 

Cr6+ (Burns and Burns, 1975).  Studies on the crystal field stabilization energy (CFSE) of 

chromium reveal that, under the redox conditions of the Earth’s mantle, Cr will exist as a 

trivalent cation with high octahedral site preference (McClure, 1957; Burns, 1975; Papike 

et al., 2005).  The CFSE data of Cr3+ in various structure types also suggests that Cr 

enrichment in upper mantle phases is ordered as: spinel > garnet > pyroxene ≅ olivine (as 

summarized by Burns 1975).  The study of Cr diffusion is therefore especially relevant 

for spinel, as compared to other minerals, because spinel is the mineral group in mantle 

and meteoritic assemblages that tends to incorporate the most Cr. 

Spinel, with a general chemical formula of IVXVIY2O4, can accommodate a wide 

range of compositions with several solid solutions and end-member phases.  The spinel 

structure is a face-centered cubic close-packed arrangement of anions (oxygen) bound 

together by interstitial X and Y cations.  The tetrahedral X-site is most commonly 

occupied by divalent Mg and/or Fe, while the octahedral Y-site is most commonly 
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occupied by trivalent Al and/or Cr.  A great deal of research has gone into understanding 

the phenomena and thermal history implications of intracrystalline disorder, or inversion, 

in spinel (Peterson et al., 1991; O’Neill, 1994; Redfern et al., 1999; O’Neill et al., 2003), 

where cations exchange across both X and Y sites.  Although crystallographic inversion is 

common for Mg, Al, and Fe in spinel structures, it is highly unlikely that Cr will occupy 

the tetrahedral site due to the high crystal field stabilization energy of Cr3+ in octahedral 

coordination (Orgel, 1966; Burns, 1970; Burns, 1975; Papike et al., 2005).  Under highly 

reducing conditions, Cr2+ is predicted to exist in tetrahedral or distorted octahedral 

coordination and may substitute for Mg2+ and/or Fe2+ in olivine or in the tetrahedral site 

in the spinel structure (Ulmer and White, 1966; Greskovich and Stubican, 1966; Mao and 

Bell, 1975; Papike et al., 2005).  For the P-T-fO2 conditions applicable to the present 

study, however, we consider Cr to exist as a trivalent cation in octahedral coordination 

only. 

At atmospheric pressures, chromium diffusion data for spinel has two primary 

applications: 1) to retrieve cooling rates of spinel-bearing meteorites as recorded by Cr 

zoning in spinel, and 2) to calculate the closure temperature relation of the short-lived 

53Mn-53Cr decay system in spinel that has been applied to the problems of early solar 

system chronology.  We use our experimental 1-bar Cr diffusion data to calculate the 

cooling rates of the solar nebula as recorded by complex Cr zoning in a spinel crystal that 

could be a nebular condensate (originally studied by Simon et al., 2000), as well as the 

closure temperature relation for the Mn-Cr system in spinel as a function of cooling rate, 

initial temperature, and grain size (Dodson, 1973; Ganguly and Tirone, 1999).  The 
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activation volume of Cr diffusion in spinel, as determined by high-pressure diffusion 

experiments (in progress), is required to retrieve cooling rates of spinel-bearing 

ultramafic and metamorphic terrestrial rocks.   

 

Previous Studies 

Previous studies on Mg-Fe interdiffusion (Liermann and Ganguly, 2002), Mg 

tracer diffusion (Sheng et al., 1992), Cr-Al interdiffusion (Suzuki et al., 2008), and Cr 

tracer diffusion (Stubican and Osenbach, 1984) provide a framework for understanding 

the relative diffusivities of the major cations in spinel.  However, the activation energy of 

Cr diffusion in spinel reported by Stubican and Osenbach (1984) is only ~65% of the 

value determined by Suzuki et al. (2008), which complicates extrapolation beyond the 

temperature range of experimental data (1400 – 1700°C).  Diffusion coefficients and 

activation energies are compared in Table I.  High-pressure diffusion data (Suzuki et al., 

2008) has been extrapolated from 3 GPa to 1 bar using Eq. 5 and their measured 

activation volume (∆V+ = 1.36±0.25 cm3/mol).  This value is significantly smaller than 

the activation volume of ~5 cm3/mol for Mg-Fe2+ interdiffusion in (Mg,Fe)Al2O4 spinel 

measured by Liermann and Ganguly, 2002.  To address this problem, we have conducted 

a study of Cr self-diffusion in spinel over a lower temperature range (950° - 1200°C) and 

at variable fO2 (wüstite-magnetite buffer ± 2 log units).	  



	  

 

 

 

 

TABLE I:  Comparative Results of Cr Diffusion in End-Member Spinel (MgAl2O4) 

Study D0 
(m2/s) 

EA  
(kJ/mol) 

Temperature 
Range (°C) 

Pressure 
Range (GPa) 

Sample  
Type 

Experimental 
Method 

Analytical 
Method 

Stubican and 
Osenbach 
(1984) 

2.45(±2)10-6 337 ± 45 1400 - 1650 1.01 x 10-4 

(atmospheric) 
 

synthetic 
single-crystal 

MgAl2O4 

Radiotracer (51Cr)  
Diffusion couple 

Serial-
sectioning 

multichannel 
analyzer 

Suzuki et al. 
(2008) 

1.17(±0.09)10-2 
 

516 ± 80 1400 – 1700 3 – 7 natural single 
crystals 

(Myanmar) 

Cr-Al 
interdiffusion 

Diffusion couple 

EMPA 

This study 
Cut Gems 

5.26(±6.02)10-13 219 ± 35 950 – 1200 

Gem Gravels 5.73(±5.55)10-10 277 ± 37 975 - 1150 

1.01 x 10-4 

(atmospheric) 
 

natural single 
crystals  

(Sri Lanka) 

Vapor deposition 
(Cr2O3)  

Thin film 

SIMS depth 
profiling  



	  

CHAPTER II: 

EXPERIMENTAL METHOD 

 

We conducted two sets of experiments to determine the temperature and fO2 

dependence of Cr diffusion in spinel.  Experiment set #1 included runs at variable 

temperatures (950°C – 1200°C) while holding fO2 fixed at the oxygen buffer 

corresponding to wüstite-magnetite (WM).  Experiment set #2 included runs at variable 

fO2 (2 log units above and below WM) while holding the temperature fixed at 1100°C.   

 

Starting Material 

As the spinel structure contains several end-members and accommodates a wide 

range of solid solutions, it was crucial to choose homogenous samples of an appropriate 

composition for the purposes of this controlled study.  We chose a stock of natural spinels 

with nearly end-member composition (MgAl2O4) from Okkampitiya, Moneragala 

District, Uva Province, Sri Lanka to isolate the diffusivity of Cr from the potential 

influence of Fe content.  Chemical analyses were conducted with a CAMECA SX-100 

electron microprobe using 15 kV accelerating voltage and 20 nA operating current.  

Well-characterized standards utilized include synthetic C.M. Taylor spinel (Mg), 

Rockport fayalite (Fe), Hakone anorthite (Al), Smithsonian chromite standard USNM 

117075 (Cr), C.M. Taylor wollastonite (Si, Ca), rutile (Ti), Harvard standard gahnite 

111989 (Zn) University of Washington rhodonite 791 (Mn), and vanadium metal (V).  

Data reduction and correction followed the PAP method (Pouchou and Pichoir, 1984).  
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The chemical composition of a typical crystal used in this study is presented in Table II.  

X-ray diffraction data were collected on experimental samples Cr-Sp-1100-2 (gem 

gravel) and Cr-Sp-1100-5 (cut gem) using a Bruker APEXII CCD area-detector single-

crystal diffractometer with Mo Kα radiation of λ = 0.71073 Å.  Diffraction data was 

refined using APEXII v. 2010 software.  Unit cell parameters are listed in Table III.   

Homogenous, inclusion-free samples were chosen for experiments.  Several of the 

Sri Lankan spinels (termed “gem gravels” by local miners) contained internal fractures, 

inclusions, and/or pitted surfaces, which limited the amount of useable material.  After 

several experiments were conducted on the best gem gravels available, we purchased 

additional cut gem spinels to supplement our stock.  The cut gems were obtained from the 

same mineral dealer and source locality in Sri Lanka, exhibited a compatible 

compositional match to the gem gravels (Table II), and were considerably easier to work 

with.  Surprisingly, the diffusivity of Cr was approximately 7-10 times faster in the gem 

gravel stock than the cut gem stock.  We discuss the inconsistency of results between the 

two data sets later in this report. 

To minimize material loss due to cutting on a traditional low-speed saw, larger 

crystals were cut into several 1-2 mm-thick wafers using a Well 4240 diamond-studded 

wire saw housed in the School for Earth and Space Exploration at Arizona State 

University.  Sample wafers were mounted in epoxy and polished stepwise down to 0.3-

micron finish using alumina powder abrasive.  Epoxy mounts were then cut using a low-

speed saw and soaked in acetone to release the polished samples.  Samples were  
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Table III: Unit Cell Parameters of Spinels used in Diffusion Study 
 Cut Gems Gem Gravels 

a (Å) 8.0907 (0.0010) 8.0942 (0.0013) 
V (Å3) 529.61 (0.06) 530.31 (0.07) 

 

 

 

 

 

 

Table II: Composition of Spinels Used in Diffusion Study 
Electron Microprobe Data (average of 5 analyses)  

 
Gems Gem Gravels 

Oxide Wt% (1σ)  Atom 
proportion 

(1σ) 

Oxide Wt% (1σ)  Atom 
proportion 

(1σ) 
MgO 28.0075 

(0.2176) 
Mg 0.9979 

(0.0078) 
MgO 27.3372 

(0.1678) 
Mg 0.9790 

(0.0060) 
FeO 0.5789 

(0.0465) 
Fe 0.0157 

(0.0009) 
FeO 1.1523 

(0.0266) 
Fe 0.0232 

(0.0005) 
Al2O3 70.5935 

(0.6394) 
Al 1.9891 

(0.0180) 
Al2O3 70.4611 

(0.2283) 
Al 1.9956 

(0.0065) 
Cr2O3 0.0360 

(0.0108) 
Cr 0.0007 

(0.0002) 
Cr2O3 0.0263 

(0.0082) 
Cr 0.0005 

(0.0002) 
ZnO 0.2230 

(0.0322) 
Zn 0.0039 

(0.0006) 
ZnO 0.0415 

(0.0289) 
Zn 0.0007 

(0.0005) 
SiO2 0.0342 

(0.0134) 
Si 0.0008 

(0.0003) 
SiO2 0.0549 

(0.0081) 
Si 0.0081 

(0.0002) 
Total 99.4731 

(0.8386) 
Cations 3.0081 

(0.0253) 
Total 99.0733 

(0.1331) 
Cations 3.0071 

(0.0040) 
  

Mg / Al 0.5017 Mg/Al 0.4906 
Fe / (Fe+Mg) 0.0155 Fe / (Fe+Mg) 0.0232 

 

Cr/ (Cr + Al) 3.518(10-4) 

 

Cr/ (Cr + Al) 2.505(10-4) 
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repolished by hand, chemically treated with Struers OP-S Suspension colloidal silica to 

remove damage produced by mechanical polishing, and placed in a Branson 1510 

ultrasonic bath for twenty minutes to remove any remaining surface residues. 

 

Diffusion Experiments 

All experiments were conducted in a vertical gas-mixing furnace at controlled fO2 

conditions that were imposed by a computer controlled flowing mixture of CO and CO2.  

Gas ratios for each temperature and oxygen buffer were calculated based on Gibb’s free 

energy values from Robie et al. (1978) for the equilibrium reaction: 

  

€ 

CO + 1
2 O2 = CO2                    (6) 

The fugacity of O2 can therefore be written as  

    

€ 

fO2 = K
fCO2

fCO
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

                       (7) 

where K is the equilibrium constant of reaction 6.  A polynomial regression equation of 

Gibb’s free energy of formation for both CO and CO2 vs. temperature was used for 

experiments at temperatures outside of the empirical data set.  A polynomial regression 

equation of log(fO2) and temperature was used to calculate the appropriate gas mixture 

ratio for a given oxygen buffer in terms of log units above and below the wüstite-

magnetite buffer.  An internal zirconia sensor, with a reference junction at fO2(air), was 

used to measure the fO2 of the flowing gas mixture.  The emf of the zirconia sensor was 

monitored during experimental runs to ensure that the intended fO2 condition was 

properly imposed and equilibrated. 
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To reduce effects from different degrees of crystallographic order-disorder within 

natural crystals (i.e. defect clustering and/or surface defects that may have been generated 

during polishing), samples were preannealed for 24-72 hours at or close to experimental 

temperatures and oxygen fugacity conditions.  A thin layer (10-20 nm) of Cr-source 

material was deposited on the polished sample surface using a DV-502 evacuated 

chamber (Figure II.1).  The Cr-source material for diffusion used in this study was 99.8% 

chromium (III) oxide (Cr2O3) manufactured by AlfaProducts.  As shown in Figure II.1, 

the unpolished sample surface was affixed to a brass plate using double-sided tape that 

suspended the polished surface 5 cm above a tungsten filament containing a centralized 

layer of 0.5 mg of dopant material.  The system was sealed in a bell jar and pressure 

reduced to 4.3 x 10-5 mbar.  An electrical current through the tungsten filament was 

raised to 45 kV over a ten second period, held for ten seconds, and rapidly shut off.  Early 

experiments revealed that the dopant powder tended to ‘jump off’ the filament at voltages 

higher than 45 kV, due likely to thermal shock.  At 45kV, however, all dopant material 

vaporized and left only a faint white residue on the filament. 

In order to induce a diffusion profile, samples with a surface layer of Cr were 

annealed at a fixed temperature and fO2 for a desired length of time.  More specifically, 

samples were placed, polished-side up, in a zirconia crucible suspended at the end of a 

thermocouple and inserted in the equilibrated furnace.  Experimental conditions are 

summarized in Table IV.  Samples were inspected with an optical microscope before and 

after each heating step (preanneal and anneal) to assess if a surface reaction had taken 

place.  If the sample surface remained undamaged (i.e. absence of ‘burn marks’, 
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speckling, or obvious discoloration) in reflected light, it was deemed appropriate for 

SIMS analysis.   

 

 

 

 

 

 

 

 

 

 

 

 

 Figure II.1 - Evacuated Chamber for Thin Film Deposition 

Figure II.2 - Thin Film Deposition Procedure 



	  

Table IV: Experimental Conditions and Results : Cr Diffusion Coefficients 
Run # T (°C) Time (h) D (1σ)(m2 s-1) Log D (1σ)(m2 s-1) Log fO2 (bars) 

Experiment Set #1 
Cr-Sp-1200 1200 24.4 1.15 (±0.14) x 10-20 -19.94 ± 0.05  -9.30 (WM) 
Cr-Sp-1200 1200 24.4 9.00 (±0.12) x 10-21 -20.05 ± 0.06  -9.30 (WM) 
Cr-Sp-1150* 1150 24.3 4.20 (±0.20) x 10-20 -19.38 ± 0.02 -10.09 (WM) 
Cr-Sp-1150* 1150 24.3 4.20 (±0.42) x 10-20 -19.38 ± 0.04 -10.09 (WM) 
Cr-Sp-1150* 1150 24.3 3.80 (±0.36) x 10-20 -19.42 ± 0.04 -10.09 (WM) 
Cr-Sp-1150-gem 1150 67.1 4.15 (±0.52) x 10-21 -20.38 ± 0.05 -10.09 (WM) 
Cr-Sp-1150-gem 1150 67.1 4.10 (±0.41) x 10-21 -20.39 ± 0.04 -10.09 (WM) 
Cr-Sp-1100-2* 1100 21.3 1.38 (±0.28) x 10-20 -19.86 ± 0.09 -10.94 (WM) 
Cr-Sp-1100-2* 1100 21.3 1.05 (±0.15) x 10-20 -19.98 ± 0.06 -10.94 (WM) 
Cr-Sp-1100-3 1100 59.9 3.05 (±0.46) x 10-21 -20.52 ± 0.07 -10.94 (WM) 
Cr-Sp-1100-3 1100 59.9 2.50 (±0.44) x 10-21 -20.60 ± 0.08 -10.94 (WM) 
Cr-Sp-1100-4 1100 119.7 2.25 (±0.25) x 10-21 -20.65 ± 0.05 -10.94 (WM) 
Cr-Sp-1100-5* 1100 91.2 1.58 (±0.17) x 10-20 -19.80 ± 0.05 -10.94 (WM) 
Cr-Sp-1100-5* 1100 91.2 1.55 (±0.14) x 10-20 -19.81 ± 0.04 -10.94 (WM) 
Cr-Sp-1100-6* 1100 160.3 1.33 (±0.24) x 10-20 -19.88 ± 0.08 -10.94 (WM) 
Cr-Sp-1100-7 1100 160.3 1.80 (±0.39) x 10-21 -20.74 ± 0.09 -10.94 (WM) 
Cr-Sp-1050-2* 1050 24.1 5.50 (±1.48) x 10-21 -20.26 ± 0.12 -11.86 (WM) 
Cr-Sp-1050-2* 1050 24.1 5.00 (±1.52) x 10-21 -20.30 ± 0.13 -11.86 (WM) 
Cr-Sp-1025* 1025 75.1 4.50 (±0.59) x 10-21 -20.35 ± 0.06 -12.34 (WM) 
Cr-Sp-975* 975 131.3 1.47 (±0.18) x 10-21 -20.83 ± 0.05 -13.35 (WM) 
Cr-Sp-950-2 950 587.1 2.40 (±0.45) x 10-22 -21.62 ± 0.08 -13.89 (WM) 
Experiment Set #2 
Cr-Sp-1100-WM+2 1100 83.8 9.10 (±0.11) x 10-21 -20.04 ±0.005 -8.82 (WM + 2.1) 
Cr-Sp-1100-WM+2 1100 83.8 9.40 (±0.93) x 10-21 -20.04 ± 0.04 -8.82 (WM + 2.1) 
Cr-Sp-1100-WM-2 1100 226 1.30 (±0.13) x 10-21 -20.89 ± 0.04 -12.94 (WM – 2) 
Cr-Sp-1100-WM-2 1100 226 1.40 (±0.16) x 10-21 -20.85 ± 0.05 -12.94 (WM – 2) 
* indicates experiment conducted on gem gravel 



	  

CHAPTER III: 

ANALYTICAL METHOD 

 

 Experimentally induced Cr diffusion profiles were measured by depth-profiling 

with a Cameca ims 6f Secondary Ion Mass Spectrometer (SIMS) housed in the School of 

Earth and Space Exploration at Arizona State University.  We used a primary ion beam of 

16O2
-, an average current of 22nA, and a raster size over an area of 125 x 125 µm.  

Positive secondary ions were accelerated to the mass spectrometer at 4987 V.  Only ions 

with 75 ± 20 eV excess kinetic energy were allowed into the spectrometer.  A thin film of 

Au was deposited on the sample surface to minimize electrostatic charge by the primary 

ion beam.  In order to limit crater edge effects, or contribution of secondary ions from the 

crater walls, a field aperture was placed in the pathway of the secondary beam to allow 

only ions originating from a 30 µm diameter circular area in the center of the crater into 

the mass spectrometer.   

Cr diffusion profiles were measured as the change in secondary ion intensities 

(counts per second) of 52Cr with depth.  The count rates for non-diffusing species (26Mg, 

27Al, 56Fe, and 197Au) were also measured simultaneously during the sputtering process in 

order to monitor the stability of the analyses and to help determine the location of the thin 

film and crystal surfaces.  Secondary ion intensities of the species were obtained in peak 

switching mode, with each measurement cycle requiring 2s for Cr and Au, 1s for Fe, and 

0.5 s for Mg and Al.  A total of 150–300 measurement cycles were typically obtained in 

each profile analysis. 



	  

	  

25	  

The crater depth within a sample was measured by a Dektak surface profilometer 

that was calibrated against known standards.  The crater depths range between 2650 and 

6250 Å, with an average error of 1%.  The error in a crater depth measurement was 

estimated on the basis of 8 measurements along profilometer lines that were normal to 

each other.    Following earlier practice, the crystal surface (x=0) below the thin film has 

been assumed to approximately coincide with the position where the 197Au signal 

intensity is reduced to 80% of its peak value.  We found secondary ions sputtering rates 

to be approximately 4.3 times faster through the gold thin film than through the crystal 

substrate.  An average step size used to generate ion intensity vs. depth data for different 

isotopes monitored during depth profiling was calculated by the following equation: 

    

€ 

Δzxtl =  
Zcrater

4.3nAu + nxtl

                    (8) 

where Zcrater is the measured crater depth, nAu and nxtl are the number of cycles in the gold 

coat and crystal substrate, respectively, and ∆zxtl is the step size within the crystal 

substrate. 

SIMS analyses have high spatial resolution (~0.1 nm) but special consideration 

was taken to minimize convolution from atomic mixing effects (eg. Montandon et al., 

2006).  One source of potential error in SIMS analyses includes the ‘crater edge effect’ in 

which atoms sputtered from the crater walls may also be collected by the detector.  If 

present, the depth resolution is worsened, and the diffusant signal will persist to greater 

depths than expected.  To test that we were limiting crater edge effects, we conducted a 

study of Au mixing and found that the ratio of raster area to field aperture diameter 
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should be at least 4:1 to minimize the crater edge effect.  Early analyses in this study, 

however, used a raster size (100 x 100 µm) that was only three times larger than the field 

aperture.  These samples were subsequently reanalyzed using a 125 x 125 µm raster.  

Modeled diffusion coefficients from previous analyses using a smaller raster size to 

aperture ratios (3:1) was found to be 1.04 – 1.22 times faster than diffusion coefficients 

retrieved from analyses using the preferred 4:1 ratio (Figure III.1). 

Another convolution effect observed in this study that is particularly problematic 

for short diffusion distances (<100 nm) is the cascading collision phenomenon, or atomic 

smearing, in which the intensities of a surface layer, such as Au or residual dopant (i.e. 

Cr), are essentially pushed deeper into the sample.  The consequences of atomic smearing 

are best illustrated by a ‘zero-time’ experiment in which a doped sample is annealed for a 

very short time duration (i.e. 50 minutes at 900°C) that is insufficient to induce a 

measureable effective diffusion distance.  In the absence of any convolution effects from 

atomic mixing, one would predict to measure a near-vertical drop in Au and Cr 

concentrations when sputtering through the thin film and into the crystal.  The atomic 

smearing effect, however, produces an artificial or apparent diffusion profile as 

concentrations only gradually decrease with increasing depth into the crystal.  Our first 

analyses in this study used an O- ion beam until it was observed that an O2
- beam 

minimizes the extent of atomic smearing by approximately 30%.  The reduction of 

convolution using the O2
- beam is best explained by a reduction in the impact energy of 

the primary beam hitting the sample.  Under the same current (~22 nA), the charge on the 

O2
- beam is distributed between two oxygen atoms as opposed to a single oxygen atom 
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when using the O- beam.  Figure III.2 shows a comparative depth profile using O- and O2
- 

ion beams on a zero-time experiment. 

Convolution effects with SIMS depth profiling pose serious problems for 

measuring diffusion coefficients, especially because apparent diffusion data can be 

modeled using solutions to the diffusion equation.  Without sufficient criticism and care, 

entire Arrhenius relations can be plotted using diffusion coefficients obtained from fitting 

artificial diffusion data.  For example, experiment #Cr-Sp-900-4 (not included in results) 

was run at 900°C for 16 hr at fO2 corresponding to the wüstite-magnetite buffer.  

Following the general equation: 

    

€ 

α = erf
X effective

2 Dt

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟                     (9)  

where an α-value of 2 indicates that nearly all (~99.5%) of the diffusion has taken place 

over an effective diffusion distance, Xeffective.  Based on later and more robust data with 

considerably longer diffusion profiles, we estimated that experiment Cr-Sp-900-4 should 

have had an effective Cr diffusion distance of approximately 162 Å.  However, due to 

SIMS convolution effects, the apparent profile of this analyzed experiment was 750 Å, as 

shown in Figure III.3.    This profile can be fit to a solution to the diffusion equation (Eq. 

2), but the stretched length results in the retrieval of a larger diffusion coefficient than 

samples modeled from experiments where the diffusion distance in much greater than the 

mixing profile (shown in Figure III.3 inset). 
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Convolution effects, namely the artificial broadening of SIMS depth profiles, can be 

minimized in two ways: 1) increasing the experimental diffusion distance which 

effectively reduces the contribution of atomic mixing to the overall profile length, and/or 

2) impose mathematical corrections using deconvolution algorithms (eg. Gautier et al., 

1996; Dowsett et al., 1996; Montandon et al., 2006).  Unfortunately, the latter option is 

ill-posed for our experiments because the concentration of residual Cr on the crystal 

surface varied based on the T-t conditions of the experimental anneal which made it 

difficult to predict the extent to which a depth profile was artificially broadened.  

Therefore, to address the problem in my own study, I reran all experiments for 

significantly longer durations and was able to extend the diffusion distances to several 
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times longer than those obtained in the zero-time experiments.  All data points within the 

extent of the zero-time artificial profile (350 Å) were excluded from the model fit.  The 

data for these initial cycles are, therefore, neglected in modeling the Cr diffusion profile. 
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CHAPTER IV: 

RESULTS 

 

A typical diffusion profile of 52Cr in spinel and model fit to the data are shown in 

Figure IV.1.  Most experimental profiles were best fit with constant source solution to the 

diffusion equation (Eq. 10), while other, typically longer, profiles were best fit with the 

thin film solution (Eq. 11) of the diffusion equation (Eq. 2) for diffusion in a semi-infinite 

medium: 

    

€ 

Cs −C x,t( )
C0 −C∞

= erf
x

2 Dt

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟                     (10)  

    

€ 

C x,t( ) =
M

2 πDt
e−x 2 4Dt( )                      (11) 

where Cs is the concentration of the diffusing species at the crystal surface, C(x,t) is the 

concentration at distance x and time t, C0 is the fixed concentration at the surface, C∞ is 

the concentration at a sufficient distance into the substrate such that it represents the 

initial concentration, D is the diffusivity, M is the total number of particles, all of which 

were initially at x = 0, and t is time.  In the case of the constant source solution, the 

concentration of source material is fixed (i.e. infinite) whereas the thin film solution 

assumes a finite source that changes with time (Crank, 1980).  To assess if the retrieved 

diffusion coefficients were compromised by interference from non-diffusive processes, 

we conducted time-series experiments at 1100°C.  The results, shown in Figure IV.2, 

show that the model diffusion coefficients for each spinel stock do not have any 

noticeable dependence on time. 
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Figure IV.1 - SIMS Depth Profile and Model Fit of Induced Cr Diffusion in Spinel 
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Interestingly, retrieved diffusion coefficients from experiments run on the cut gem 

samples were consistently ~10 times slower than experiments run on the gem gravel 

samples, as clearly illustrated in both the time series (Fig. IV.2) and the Arrhenian plot of 

our experimental results (Figure IV.3).  All samples were free of inclusions and fractures, 

preannealed to equilibrate defect clustering, and exhibited typical volume diffusion 

profiles.  Considering that all material was from the same locality and of nearly identical 

composition, we suggest that the disparity may be due to a difference in the extent of 

nonstoichometry of FeO in the starting material that may ultimately lead to faster 

diffusion due to intrinsic differences in lattice point vacancy concentrations.  Results 

from this experimental study and numerical simulations by Lu et al. (1994) call into 

question some simplifying assumptions in Manning’s theory that the mean jump 

frequency of the exchange of a cation and a vacancy depends only on the composition 

and type of diffusing cation in question, but not on the actual local atomic configuration 

and deviation from stoichiometry in natural samples (Manning, 1968; Lu et al. 1994).  

The observation that cation mobility is inherently dependent upon lattice vacancy 

concentrations (i.e. extent of non-stoichiometry) complicates the utility of thermal models 

based on compositional zoning, as well as closure temperature calculations that are 

fundamental for determining mineral ages in geochronological studies.  
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The results for Cr diffusion in spinel at fO2 conditions defined by the wüstite-

magnetite (WM) buffer are presented in Table IV and illustrated in Figure IV.3.  

Following the Arrhenian equation expressed as 

€ 

D = D0 exp −EA RT( ) , the data yield 

logD0 = -12.28(±0.33) m2 s-1 (cut gems); 

D0 = 5.26(±6.02)10-13 m2 s-1 (cut gems);	  

EA = 219(±35) kJ/mol (cut gems);	  

logD0 = -9.24(±0.29) m2 s-1 (gem gravels);	  

D0 = 5.73(±5.55)10-10 m2 s-1 (gem gravels);	  

EA = 277(±37) kJ/mol (gem gravels) 

where the uncertainties represent ±1 σ (1 standard deviation) and account for the scatter 

of the depth profiling data, errors in the measurement of the crater depths and location of 

the crystal surface.  The latter two errors can stretch or contract the length of the diffusion 

profile without significantly affecting the scatter around the best model fit.  The net error 

of a D value is estimated as: 

    

€ 

σD net( )
2 =σD scatter( )

2 +σD X( )
2                              (12)  

where 

€ 

σD scatter( )
2  and 

€ 

σD X( )
2  are the errors of D arising from the scatter of the data around 

the best model fit and the stretching/contracting of the distance scale, respectively, which 

are given by Equations 13 – 15, such that 

    

€ 

σD X( ) = D
XTotal +σXTotal

XTotal

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

−1
⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
                    (13) 

where D is the diffusivity value that best fits the data, XTotal is the total diffusion distance 

with its associated error, defined as: 
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€ 

σX Total

2 =σInterface
2 +σZavg

2                                 (14)  

where σInterface is the error associated with the location of the crystal surface and the error 

of the average crater depth, Zavg is given as: 

    

€ 

σZavg
=

1
N

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1
N −1

Zavg − Zi( )
2

i=1

N

∑            (15) 

 

where Zi is crater depth of measurement i and N is the number of crater depth 

measurements.     

Our results on the Sri Lankan cut gem spinels indicate that Cr diffusivity in spinel 

has a positive dependence on oxygen fugacity under conditions of the Earth’s mantle, as 

shown in Figure IV.4.  This relationship is given as:  

    

€ 

D = log fO2( )0.20±0.02
−18.3 ± 0.2                 (16) 

Interestingly, this is the opposite behavior of the fO2 dependence of Cr diffusion in 

enstatite (Ganguly et al., 2007), as well as in magnetite; the latter of which has been 

shown to have a positive dependence on fO2 only at log(fO2) values greater than -7 at 

1200°C (Dieckmann and Schmaltzried, 1986).  Previous studies on the relationship 

between cation diffusivity and fO2 report that D varies as ~(fO2)1/6 for diffusion mediated 

by point defects (Ganguly 2002).  Our results are in agreement with this study, which 

supports that in the range of fO2 investigated, the diffusion of Cr is lattice point vacancy-

mediated.  The positive dependence may change at lower fO2 due to a change in diffusion  



	  

	  

37	  

mechanism.  For example, the reduction of Cr to a divalent ion is likely to influence Cr 

mobility in spinel, potentially along the tetrahedral lattice site or as an interstitial atom.   

 

Comparison with Other Studies 

The poor constraint of activation energy of Cr diffusion in spinel between earlier 

studies (Stubican and Osenbach, 1984; Suzuki et al., 2008) becomes increasingly 

problematic with extrapolation into temperatures beyond the range of experimental study.   

As both studies were conducted over approximately the same temperature range (1400 – 

1700°C), it seems likely that the discrepancy is a result of differences between one or 

-22.0 

-21.5 

-21.0 

-20.5 

-20.0 

-19.5 

-13 -12 -11 -10 -9 

lo
g 
D

 (m
2 /s

) 

log fO2 (bars) 

Figure IV.4 - Variation with fO2 of Cr Diffusion Coefficients in Spinel 
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more of the following: experimental methods, sample selection, analytical technique, 

and/or diffusion data modeling. 

Stubican and Osenbach (1984) reported diffusion coefficients and activation 

energies of both grain boundary and volume (lattice) diffusion of 51Cr in synthetic 

MgAl2O4 at atmospheric pressure and over a temperature range of 1400°-1650°C.  The 

Cr source material in their study was Cr2(SO4)3 solution precipitated between a bicrystal 

of synthetic MgAl2O4.  Samples were preannealed for seven days at 1450°C prior to the 

experimental runs and analyzed with a multichannel analyzer using the serial-sectioning 

technique.  Stubican and Osenbach also measured the effects of crystallographic 

orientation on diffusivity and concluded that a large degree of anisotropy was found in 

grain-boundary diffusion for small angles (θ < ~10°) tilted from the (100) plane, but no 

anisotropy was found for volume diffusion.  Our results are consistent with this 

conclusion, as shown by the well-defined Arrhenian relation derived from experiments 

run on unoriented spinel samples. 

Suzuki et al. (2008) reported the Cr-Al interdiffusion coefficient, activation 

energy, and activation volume from high-pressure experiments (3 – 7 GPa) using a multi-

anvil apparatus.  Diffusion couples were made from natural spinel and chromite single 

crystals from Myanmar and Japan, respectively.  Induced diffusion profiles were 

measured using an electron microprobe analyzer.  Suzuki et al. concluded that Cr is the 

slowest self-diffusing major element in spinel and that diffusion creep, enhanced by 

higher oxygen diffusion along interphase boundaries, is responsible for the multipolar Cr-



	  

	  

39	  

Al zoning in spinel.  Results from our study also indicate that Cr diffuses significantly 

(~10,000 x) slower than both Mg and Fe in spinel (Liermann and Ganguly, 2002). 

 Our data suggest that Cr diffusivity is positively correlated with oxygen fugacity 

under conditions of the Earth’s mantle (wüstite-magnetite buffer ± 2 log units).  While 

the valence of Cr does not change under this range of redox conditions, the reaction of Fe 

oxidation generates tetrahedral lattice site vacancies as shown below: 

    

€ 

3 IVFe2+ +1 2O2 ⇔ 2 VIFe3+ + FeO+IVV                    (17) 

where V stands for vacancy and the subscripts IV and VI represents 4- and 6-

coordination, respectively.  Although Cr highly prefers the octahedral lattice site in 

spinel, it seems plausible that higher concentrations of tetrahedral lattice site vacancies 

may enhance Al disordering that will subsequently influence the concentration of 

octahedral vacancies.  While Suzuki et al. conducted controlled fO2 experiments under 

conditions similar to ours (in between the wüstite-magnetite and wüstite-iron buffers), the 

experiments in the Stubican and Osenbach study were conducted without controlled fO2.  

While the range of fO2 conditions during the Stubican and Osenbach experimental runs is 

unknown, experiments run in air at temperatures of 1400° - 1650°C could have been as 

great as 10 log units above wüstite-magnetite.  Based on our data of fO2-dependence on 

Cr diffusion, it seems plausible that the modeled diffusion coefficient from the Stubican 

and Osenbach study and could have been augmented by as much as one order of 

magnitude.  Assuming that activation energy is independent of oxygen fugacity, this 

correction greatly improves the consistency with our low temperature data. 
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An additional procedural difference between previous studies is the conditions 

under which samples were preannealed prior to the experimental run.  Suzuki et al. used 

natural spinel samples, which are more likely to contain defect clusters or fast diffusion 

paths, but do not report having preannealed their samples.  Previous studies reveal that 

diffusion coefficients are strongly dependent on preannealing conditions.  In a study of Cr 

diffusion in sapphire (Al2O3), Gontier-Moya et al. (1998) report that diffusion 

coefficients, as measured by SIMS depth-profiling, decreased by an order of magnitude 

when preannealing conditions were increased from 1000° to 1700°C.  Despite these 

obvious discrepancies in sample selection (synthetic vs. natural) and preanneal procedure, 

Stubican and Osenbach report faster diffusion than Suzuki et al., which is the opposite of 

the predicted effects of defect disequilibration.    

As the spatial resolution of analytical techniques such as SIMS depth-profiling 

has improved in recent decades, the use of older techniques for measuring compositional 

profiles, such the serial sectioning as employed by Stubican and Osenbach, has become 

more infrequent.  Serial sectioning, which involves removing a quantity of material and 

measuring the composition at each step, has several potential problems including limited 

depth resolution, the presence of unrecognizable fast diffusion paths (cracks), as well as 

the errors associated with adequately measuring the removed material.  One of the most 

problematic aspects of evaluating the precision of Stubican and Osenbach’s data 

collection, as well as the accuracy of their modeling, is that they did not publish any 

diffusion profiles nor model fits. 
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The results from our lower temperature study are considered reasonable because 

they fall within the upper and lower bounds of the extrapolated higher temperature data 

(Stubican and Osenbach, 1984; Suzuki et al., 2008).  The above discussion justifies that 

either one or both of the previous studies is erroneous.  The activation energy from our 

study is more consistent with the Stubican and Osenbach results, but their reported 

diffusivity (uncorrected for fO2) is an order of magnitude faster.  If corrections are 

applied to consider the influence of fO2, our results are in good agreement with the high 

temperature data by Stubican and Osenbach. 

A more fundamental question regarding discrepancies with the experimental data 

sets presented may be whether or not Cr diffusion in spinel undergoes a change in 

diffusion mechanism with increasing temperatures.  Due to its high crystal field 

stabilization energy for octahedral coordination, it is unlikely that Cr will become 

disordered across the octahedral and tetrahedral sites (McClure, 1957; Burns, 1975).  

However, cation inversion in spinel, or the concentration of Al3+ in tetrahedral 

coordination, has been shown to have a positive dependence on temperature (Jagodzinski 

and Saalfeld, 1958; Murphy et al., 2009).  As Cr most commonly substitutes for Al in the 

octahedral site, increased Al disorder may influence the rate of Cr diffusive transport 

(Asimow, pers. comm.).  This hypothesis can only be tested by an additional 1-bar 

controlled- fO2 Cr diffusion experiments above 1200°C. 
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CHAPTER V: 

APPLICATIONS 

 

Cooling Rates of the Solar Nebula 

The study of meteorites is the most direct physical evidence of events and 

processes that occurred during the solar system formation.  Carbonaceous chondrites are 

considered particularly useful records of accretionary and pre-accretionary history 

because they did not undergo thermal metamorphism and are composed of primitive 

materials (Ca-Al-rich inclusions, refractory inclusions, chondrules, amoeboidal olivine 

aggregates, etc.), some of which are thought to have condensed directly from the solar 

nebula. 

A study by Simon et al. (2000) found highly angular chevron zoning in a large (1 

x 0.75 mm) in situ spinel grain within an olivine-rich object in the Allende meteorite 

(Figure V.1).  An electron microprobe traverse across ALSP1 is shown in Figure V.2.  

Although the ALSP1 spinel may appear similar to a chondrule fragment, Simon et al. 

(2000) propose that the most likely origin of this grain is by condensation from the solar 

nebula.  They argue against an igneous origin on the following grounds: (1) the melt from 

which ALSP1 could have crystallized would require a very unusual Al-rich, Si-poor 

composition that not only crystallized spinel early, but also formed a single, oscillatory-

zoned grain; (2) oscillatory zoning in a crystal within a chondrule implies multiple 

fluctuations of conditions (i.e. melt composition, temperature, fO2) which seem unlikely 

to occur in the rapid time frame during which chondrules are thought to have been 
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molten; (3) ALSP1 is unusually large fragment (~1 mm across) of a once larger grain, so 

the composition of the parent chondrule would have had to have either been unusually 

spinel-rich or of a size among the largest even seen chondrules; and (4) the grain would 

have had to have been removed from the chondrule and enclosed in its present olivine 

host without any accompanying phases.  Contrasting oxygen isotope compositions of the 

spinel and its enclosing olivine matrix suggest that the two phases have different sources. 

Simon et al. (2000) present a reasonable argument that the spinel in ALSP1 is a 

nebular condensate.  This implies that the oscillatory Cr bands are growth zoning that 

formed during condensation.  Simon et al. (2000) used gas-solid condensation 

calculations (Ebel and Grossman 2000) to model the core composition of the ALSP1 

spinel grain in terms of its Al, Mg, Cr, and Fe contents and found a close match with a 

spinel predicted to condense from 1780 to 1770 K at a Ptot of 10-3 bar and a dust/gas 

enrichment of 100 relative to solar.  The preservation of several sharply angular 

oscillations of differing Cr / (Cr + Al) contents suggests very rapid cooling, since 

otherwise the sharp corners of the compositional profile would not have been preserved.  

To retrieve the cooling rate, we developed a finite difference numerical scheme using the 

Crank-Nicolsen implicit method (Crank 1980) to obtain a range of possible DΔt values 

that could have preserved the observed angular zoning.  We then used our experimentally 

determined Cr diffusion data to calculate cooling rates for appropriate initial temperatures 

(Simon et al., 2000; Ebel and Grossman, 2000).  
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Figure V.1 - Electron Backscatter Image of Allende Spinel 
ALSP1 

Figure V.2 - Compositional Zoning in Allende Spinel ALSP1 



	  

	  

45	  

The Crank-Nicolsen method, shown below, employs an average of implicit and 

explicit finite difference schemes to approximate a solution to the diffusion equation (Eq. 

2). 
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where i and m represent the space and time indices, respectively and C, X, and t represent 

concentration of the diffusing element, and magnitudes of the space and time steps, 

respectively.  Eq. 18 was scripted using Python programming language.    We used the 

observed EMPA Cr data as our initial profile to generate a series of forward model 

profiles to identify the region of highest relaxation sensitivity, as shown in Figure V.3.  It 

is clear that the region of the traverse in between approximately 90-140 µm provides the 

tightest constraints on the cooling rate because the angularities of the profile disappear 

more rapidly during cooling than in other areas (i.e. the first 50 µm of the traverse).   

 To evaluate the range of reasonable DΔt values that would have preserved the 

sharp angular peaks and troughs of the observed profile, we isolated this relaxation-

sensitive region and generated a series of hypothetical initial growth zoning profiles using 

the observed Cr profile as our initial condition, as shown in Figure V.4.  The range of 

model profiles were generated under the following assumptions: (1) initial Cr oscillations 

were at least as dramatic (i.e. steep and angular) in the past as the modern observed 

profile; and (2) initial Cr contents must be positive values.  The T-t history of ALSP1 that 

could have preserved sharp angular banding is limited to DΔt values smaller than 4.0 x 

10-12 m2.  Following the condensation calculations of Simon et al. (2000) and Ebel and  
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Figure V.4 - Hypothetical Past Profiles of Relaxation-Sensitive Region 

	  

Figure V.3 - Forward Model of Cr Relaxation in ALSP1 Spinel.  
Relaxation-Sensitive Region within rectangular area. 
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Grossman (2000), we fixed the initial condensation temperature, T0, to 1780 K.  We then 

used our experimental Cr diffusion data to calculate cooling rates based on an asymptotic 

cooling model, as shown below, 

    

€ 

1
T

=
1
T0

+ηt                    (19)  

where η is a cooling time constant (with dimension of K-1t-1) and T0 is the initial 

temperature at the onset of cooling.  Our results indicate that cooling rates could not have 

been slower than 0.76 ± 0.72 °C/hr, or approximately a fraction of a degree to a few 

degrees per hour.  It is unlikely that the ALSP1 spinel was ever molten or significantly 

effected by metamorphism as both processes would have erased the sharp corners of the 

Cr zoning.  Compositional variation during the condensation of ALSP1 is therefore most 

likely an indicator of fluctuating P-T-X-fO2 conditions and dust/gas ratios in the 

protoplanetary disk, due either to early solar activities or heterogeneities along the 

material’s orbital trajectory.  Despite a thorough investigation of spinels within Allende 

and Murichison CV3 chondrites (Simon et al. 2000), additional potential condensate 

spinels of this size and zoning pattern have not yet been found.



	  

Closure Temperature and Mn-Cr Age of Spinels 

Short-lived radionuclides and their associated decay products provide critical 

information for studying the timescales of events and processes that occurred during the 

earliest stages of the solar system formation.  53Mn decayed to 53Cr via electron capture 

on a time-scale so rapid (t1/2 = 3.7 Ma) that it was essentially extinct within the first 20 

million years after it first formed in the solar nebula (Honda and Imamura, 1971).    The 

Mn-Cr chronometer is considered advantageous because parent and daughter elements 

are both reasonably abundant and undergo fractionation among phases such as spinel, 

orthopyroxene and olivine.  Excess 53Cr relative to terrestrial values has been detected in 

different types of primitive material including Ca-Al-rich inclusions (Birck and Allegre, 

1985, 1988; Papanastassiou et al., 2002), chondrules (Nyquist et al., 2001), bulk ordinary 

chondrites (Lugmair and Shukolyukov, 1998; Nyquist et al., 2001), bulk carbonaceous 

chondrites (Birck et al., 1999); CI carbonates (Endress et al., 1996; Hutcheon and 

Phinney, 1996; Hutcheon et al., 1999); enstatite chondrite sulfides (Wadhwa et al., 1997), 

and various achondrites (Lugmair and Shukolyukov, 1998; Nyquist et al., 2001) which 

can be used to calculate Mn-Cr mineral ages and a chronology of the formation of early 

solar system objects.  Spinel-phases, with very low Mn/Cr ratios, also serve as an 

important ‘anchor’ for the Mn-Cr isochron that allows for high precision retrieval of 

initial 53Cr/53Cr ratios at the time of isotopic closure. 

For long-lived decay systems, such as Rb-Sr, or Sm-Nd, normalized parent and 

daughter concentrations are compared on an isochron plot to determine a 

geochronological age.  A standard isochron calculation is not possible, however, for  
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extinct decay systems, such as Mn-Cr, that do not have a detectable concentration of 

parent nuclide.  Geochronologists therefore use a “fossil isochron” which plots stable 

55Mn versus 53Cr with both isotopes normalized to stable 52Cr.  Herein, the slope of a 

fossil isochron provides the initial 53Mn/55Mn ratio and slope differences for different 

systems can be used to calculate the relative timing of formation as given by the 

following equation: 
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where t is time and λ is the radiogenic decay constant.  An example of a Mn-Cr fossil 

isochron is shown in Figure V.5.  The ϵ53Cr notation is given as the deviation of 53Cr/52Cr 

from the terrestrial standard in parts per 104, such that: 

Figure V.5 - Mn-Cr Fossil Isochron (Modified from Lugmair and 
Shukolyukov, 1998) 
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where the bulk silicate Earth (BSE) has an  ϵ53Cr value of 0.  In an extensive study on the 

systematics of the Mn-Cr decay system, Lugmair and Shukolyukov (1998), linked Pb-Pb 

and Sm-Nd ages (Lugmair and Galer, 1992) with the relative Mn-Cr isochron from 

rapidly-cooled angrite meteorites (LEW86010 and ADOR) to establish an absolute 

timescale for dating various solar system objects.  Based on their age calculations, 

Lugmair inferred that the start of the decay of 53Mn within the solar nebula (i.e. age of the 

solar system) ranged between 4.568 – 4.571 billion years, the lower limit of which is 

consistent with Pb-Pb ages of CAIs.     

The interpretation of Mn-Cr and mineral ages, in general, requires a quantitative 

understanding of mineralogical closure temperature (Tc), or the temperature at which 

diffusive transport, or loss, of the parent and daughter nuclides effectively ceased during 

cooling.  The concept of closure temperature was first formalized in mathematical terms 

by Dodson (1973, 1986) to allow for the calculation of Tc as a function of cooling rate, 

grain size and geometry, as well as diffusion kinetic properties.  While widely used in the 

literature, Dodson’s equation for closure temperature relies on two critical, yet potentially 

inappropriate, assumptions: (1) the matrix hosting the mineral of interest acts as a 

homogenous infinite reservoir; and (2) diffusion of daughter nuclide was sufficiently fast 

such as to reset the entirety of the mineral grain prior to Tc.  Although assumption (1) is 

often satisfied, Ganguly and Tirone (1999) extended the Dodson formulation to remove 
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assumption (2) that is especially inappropriate for slow diffusing cations.  Their modified 

expression Tc is as follows:
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where 
  

€ 

dT
dt( )

Tc

 is the cooling rate at Tc, a is a characteristic dimension (radius for sphere 

and cylinder and half-width for plane sheet), E  and D0 are the activation energy and pre-

exponential factor in the Arrhenius expression for diffusivity (Eq. 3), A’ is the geometric 

factor that is given by exp(G + g), where G represents a geometric value (4.0066 for 

sphere, 3.29506 for cylinder, and 2.15821 for plane sheet) and g values are a function of a 

dimensionless parameter, M, such that 
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                                (23)  

where D(T0)is the diffusion coefficient at T0.  Analytical expressions for g and tables of g 

values for different grain geometries are given in Ganguly and Tirone (1999) and 

Ganguly and Tirone (2001), respectively.   

We have used our experimental diffusion kinetic data to calculate the closure 

temperature relation in spinel for the 53Mn-53Cr short-lived decay system as a function of 

initial temperature (T0), cooling rate, and grain size, as shown in Figure V.6.  Spherical 

geometry was selected based on the isometry of the spinel structure.  Since cooling is 

assumed to follow an asymptotic cooling model (Eq. 19) in the derivation of Eq. 22, 

 can be replaced by 

€ 

−1 η  in the modified Tc formulation.    The difference in     
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closure temperature (∆TC) between gem gravel and cut gem spinel stocks increases with 

higher initial temperatures, larger grains, and higher initial cooling rates, as shown in 

Figure V.7, but even in these extreme cases, ∆TC values do not exceed much more than 

50ºC for spinel. 
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Figure V.6 - Mn-Cr Closure Temperature Relation for Spinel.  A) 
Cut Gem Data, B) Gem Gravel Data. 
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Cr diffusion has been shown to be significantly anisotropic in both orthopyroxene 

(Ganguly et al., 2007) and olivine (Ito and Ganguly, 2006).  Cr diffusion data for olivine 

(Ito and Ganguly, 2006) orthopyroxene (Ganguly et al. 2007) are listed in Table V and 

the Arrhenius relations are compared in Figure V.8.  (Cr diffusion in plagioclase 

presently remains undetermined.)  Within the temperature range of the present study 

(950° to 1200°), Cr diffuses through olivine (//c) as much as 40-50 times faster than in 

spinel and 50-60 times faster than in orthopyroxene (//a).  Although the chemical 

behavior of these minerals should not be considered to occur in isolation from one 

another nor surrounding matrix material, the wide range of diffusivities results in slightly  

0 

10 

20 

30 

40 

50 

60 

1 10 100 

! 
T C

   
(º

 C
) 

Cooling Rate (ºC/My) 

          r = 1 mm      r = 1 mm  
T0 = 900oC         r = 2 mm           T0 = 1100oC         r = 2 mm  

          r = 4 mm      r = 4 mm  

Figure V.7 - Variation of Cr Closure Temperature for Cut Gem vs. Gem 
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Table V: Cr Diffusion Data for Minerals Used in Mn-Cr Geochronology 
 

Mineral Orientation D0 (m2s-1) EA (kJ/mol) Source 
//a 4.90 x 10-06 352 Ito & Ganguly (2006) 

Olivine //c 2.24 x 10-07 299 Ito & Ganguly (2006) 
     

//a 7.41 x 10-11 257 Ganguly et al. (2007) 
//b 1.78 x 10-10 257 Ganguly et al. (2007) Orthopyroxene 

 //c 3.10 x 10-10 257 Ganguly et al. (2007) 
 

Spinel (gem gravels) - 3.53 x 10-10 272 This study 
Spinel (cut gems) - 5.90 x 10-13 220 This study 
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Figure V.8 - Arrhenian Relation of Minerals Used in Mn-Cr Chronometry 
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different closure temperatures for the Mn-Cr decay system if we assume the matrix of 

these materials to have behaved as homogenous infinite reservoirs.   

The range of closure temperatures for Mn-Cr minerals under the same initial 

conditions (T0 = 900°C) and a variety of cooling rates is shown in Figure V.9.  Solutions 

are given spherical geometries with a uniform grain size (radius = 2 mm).    For slow 

initial cooling rates (>5°C/My) and T0 = 900°C, the closure temperature of spinel (cut 

gem) is as much as 100°C higher than the fastest diffusion direction in olivine (//c).  It is 

evident by the above discussion and Figures V.6 – V.9 that minerals within a particular 

decay system do not have a single bulk closure temperature.  If a Mn-Cr isochron is 

defined by spinel-olivine-orthopyroxene, then the TC should be approximated as the TC 

for orthopyroxene.  This is because of the fact that in order to define an isochron, all 

minerals must have approximately the same TC.  Differences in Cr diffusivity in Mn-Cr 

minerals result in isotopic closure at a range of temperatures that, depending on the 

cooling history of the sample, may require appropriate corrections when interpreting 

mineral ages based on polymineralic isochrons. 
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CHAPTER VI: 

DISCUSSION 

  

A considerable challenge in experimental studies involves the reproducibility of 

results (i.e. diffusion coefficients) from data produced in different labs, using different 

analytical techniques, and different starting material.  Both SIMS depth-profiling and 

Rutherford Backscattering (RBS) have been used extensively to measure induced 

diffusion profiles but each method has limitations and/or convolution effects that can 

result in different diffusion coefficients.  Comparative analysis of experimental runs 

using different analytical techniques is a powerful way to address convolution associated 

with SIMS depth profiling.  While diffusion profiles measured using Rutherford 

backscattering (RBS) do not suffer from atomic mixing effects, RBS does not have the 

spatial or mass resolution of SIMS.  Sano et al. (2011) report that modeled diffusion 

coefficients of experiments measured by RBS are typically about 0.5 log unit slower than 

the least squares fit to SIMS data.  This disparity is likely due to a combination of the less 

precise resolution of RBS and the atomic mixing effect of SIMS.  Electron microprobe 

analysis is also a useful analytical technique but its spatial resolution is often insufficient 

to measure nanoscale diffusion lengths. 

Experimentally determined diffusion rates have important applications to 

thermochronology and geochronology that will continue to enable a much broader 

community of geoscientists to interpret timescales of events experienced by natural 

systems.  It is therefore fundamentally imperative that the experimental data are accurate 
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and resilient, regardless of analytical technique.  Diffusing elements and host media 

(silicates, oxides, etc.) are likely to behave differently on different instruments but a 

calibration that effectively normalizes or standardizes diffusion coefficients is absolutely 

necessary in order to generate reliable data for the greater research community.  This 

proposed calibration is beyond the scope of the present study. 

Cr diffusion rates in spinel were found to be non-uniform from one set of host 

material to another (cut gem vs. gem gravel), regardless of identical preannealing 

procedures on all samples to achieve defect equilibration.  Although Cr diffusivity and 

activation energy is internally consistent within each particular spinel stock, there is a 

systematic variation between different stocks of the same composition.  We propose that 

this discrepancy is a result of varying degrees of nonstochiometry (Fe1-xO where xgem ≠ 

xgravel) resulting in an intrinsically different molar quantity of lattice-site vacancies for 

each sample stock that cannot be resolved through preannealing.  While this observation 

complicates the precise application of diffusion data to geological problems, it also 

highlights the potential influence of crystallographic properties on experimental results 

and offers an explanation for the wide range of diffusion data found in the literature.  

Although the precise diffusivity of Cr in spinel appears blurred, these effects are not 

catastrophic for geochronology or thermal modeling; rather, they elucidate the nature of 

lattice-scale phenomena and simply require a more broad quantitative interpretation (ie. 

larger errors) for the timing of geological processes, range of closure temperatures, and 

mineral ages. 
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CHAPTER VII: 

CONCLUSIONS AND FUTURE WORK 

 

 The mobility of atoms in crystalline materials has important implications for 

industrial engineering, as well as for the quantitative determination of events and 

processes experienced by terrestrial rocks and meteorites.  Cr diffusion data can be used 

to model compositionally zoned spinels to retrieve cooling rates experienced by a variety 

of natural materials, including nebular condensates, meteorites, and ultrabasic rocks.  We 

present the following conclusions: 

• Cooling rates of the solar nebula must have been at least 0.76 ± 0.72 °C/hr to 

preserve the highly angular Cr / (Cr + Al) zoning recorded in ALSP1, an in situ 

nebular condensate spinel within an olivine-rich object in the Allende CV3 

chondrite. 

• Closure temperature of the 53Mn-53Cr chronometer as a function of initial cooling 

temperature, cooling rate, and grain size.  Cr diffuses as much as 50 times slower 

through spinel and orthopyroxene than in olivine resulting in isotopic closure at a 

range of different temperatures. 

• Cr diffuses through spinel as much as four orders of magnitude slower than Mg 

and Fe and exhibits a positive correlation with fO2.   

• Irrespective of their identical compositions, diffusion coefficients retrieved from 

spinel crystals of higher gem quality are characteristically slower than gem 

gravels.  The difference in closure temperature between the two spinel stocks 
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increases for higher initial cooling temperatures, higher cooling rates, and larger 

grain sizes but does not exceed much higher than 50ºC. 

• Convolution effects in SIMS depth-profiling are especially problematic for 

experimental run products with induced diffusion distances that are not much 

longer than the extent of an artificial mixing profile, as measured by zero-time 

experiments.  A primary O2
- beam and raster area to field aperture diameter ratio 

of 4:1 reduce the extent of atomic mixing, as compared to an O- beam or lower 

ratio.  

Our research group is presently conducting piston cylinder experiments to determine the 

pressure dependence (activation volume) of Cr diffusion in spinel.  Diffusion couples 

consist of Sri Lankan gem spinels with i) synthetic magnesiochromite and ii) natural Thai 

Fe-bearing spinels.  Experiments are being analyzed by EMPA traverses normal to the 

diffusion couple interface. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



	  

	  

61	  

APPENDIX I: 
 

PRELIMINARY STUDY OF TUNGSTEN DIFFUSION IN DIOPSIDE 
 

 
INTRODUCTION 

 
 

The short half-life and strong metal-silicate fractionation of lithophile Hf from 

siderophile W and makes the 182Hf–182W decay system an ideal chronometer for core 

formation. Excess 182W in the silicate mantles of differentiated bodies has traditionally 

been thought to indicate early differentiation (<60 my), which is less than a few half-lives 

of 182Hf (t1/2 = 9 Myr). It has been argued that since W strongly fractionates into metal 

relative to silicates, the core-forming Fe-rich melt would have effectively stripped off the 

radiogenic 182W from the silicates if core separation had taken place after the (almost) 

complete decay of 182Hf (eg. Jacobsen, 2005). However, the extent to which the latter 

would have fractionated into the core not only depends on the equilibrium distribution 

coefficient of W between liquid Fe-metal and silicate, but also on the time scale of 

diffusive transport of W from the silicate into the core-forming melt. 

Hf-W chronometry has been used to determine the ages of meteoritic samples and 

is believed to yield robust ages without resetting during cooling. Thus, the Hf-W ages of 

chondritic meteorites have been used to constrain the age of peak metamorphic 

temperature in reconstructing the thermal history of the H chondrite parent body (Kleine 

et al., 2008). However, this assumption needs to be tested by determining the closure 

temperature of W diffusion in the primary host mineral of Hf in meteorite samples.  With 

certain simplifying assumptions, the closure temperature can be calculated as a function 
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of grain size, peak temperature and cooling rate (Dodson, 1973; Ganguly and Tirone, 

1999), if the diffusion data of W in silicates is available. 

Despite extensive studies on tungsten, the chemical behavior of this element 

under the conditions of core formation remains poorly understood.  To address this 

problem, we have conducted a series of diffusion experiments to determine the diffusivity 

of W in diopside as a function of temperature and crystallographic orientation.  These 

data will compliment Hf diffusion kinetic data in diopside that have recently been 

experimentally determined (Bloch, in preparation). 

  
 

METHODS 
 

Gem-quality, homogenous, inclusion-free, natural diopside crystals were chosen 

for experiments.  Chemical analyses were conducted with a CAMECA SX-100 electron 

microprobe using 15 kV accelerating voltage and 20 nA operating current.  Well-

characterized standards utilized include Boyd diopside glass (Mg, Ca, Si), Crete albite 

(Na), Hakone anorthite (Al), Penn State orthoclase (K), rutile (Ti), Rockport fayalite (Fe), 

University of Washington rhodonite 791 (Mn), Smithsonian chromite standard USNM 

117075 (Cr), Harvard standard gahnite 111989 (Zn), and vanadium metal (V).  Data 

reduction and correction followed the PAP method (Pouchou and Pichoir, 1984).  A 

limited quantity of diopside crystals adequate for experiments required that four different 

diopside stocks be used.  The chemical composition of the different stocks is nearly 

identical.  The composition of a typical crystal is presented in Table VI. 
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Table VI: Composition of Diopsides  
Used in W Diffusion Study 

 Wt% (1σ)  Atom proportion (1σ) 
Na2O 0.1805 (0.0413) Na 0.0128 (0.0001) 
MgO 17.6887 (0.0051) Mg 0.9668 (0.0867) 
Al2O3 1.1652 (0.0145) Al 0.0338 (0.0006) 
K2O n.d. K n.d. 
CaO 25.4761 (0.0036) Ca 1.0008 (0.0923) 
TiO2 n.d. Ti n.d. 
FeO 0.6183 (0.0636) Fe 0.0190 (0.0007) 
SiO2 53.8804 (0.0034) Si 1.9758 (0.3616) 
Cr2O3 n.d. Cr n.d. 
MnO n.d. Mn n.d. 
Total 99.1285 (0.0018) Total Cations 4.0126 (0.0018) 

 
Ca / (Ca + Na) 0.9876  
Fe / (Fe + Mg + Al) 0.0186 

 

Diffusion rates in minerals can exhibit dependence on crystallographic 

orientation.  Therefore, to monitor the possibility of anisotropic diffusion in monoclinic 

diopside, crystals were oriented and prepared to measure W diffusion along the principle 

diffusion axes (a, b, c).   X-ray diffraction data on the originally rough (un-faceted) 

diopside crystals were collected using a Bruker APEXII CCD area-detector single-crystal 

diffractometer with Mo Kα radiation of λ = 0.71073 Å.  An orientation matrix was 

compiled with APEXII v. 2010 software and used, in conjunction with a separate 

motorized goniometer and Orienter software, to position the sample in the desired 

orientation.  Both the goniometer and Orienter software were engineered by Dr. Robert T. 

Downs and members of the Downs Research Group.  Samples were mounted onto a glass 

slide using a highly viscous adhesive (The Original Shoe Goo) and allowed to set 

overnight.  A planar surface perpendicular to the principle diffusion axis was polished 
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using 220 grit silicon carbide sandpaper.  Samples were then reset in Shoe Goo and the 

polishing process was repeated on the other side to produce two parallel surfaces 

perpendicular to the principle diffusion axis.  Larger crystals were cut into several smaller 

samples using a diamond studded wire saw on the campus of Arizona State University.  

The subsequent sample preparation, doping, and annealing processes followed the 

identical procedure as described in the Methods section for experiments on Cr diffusion 

in spinel.  The crystallographic orientation of the samples was confirmed using electron 

backscatter diffraction. 

It was first observed that traces of W were being deposited on sample surfaces 

during the trial-and-error process of depositing an appropriate amount of Cr on the 

surface of a prepared spinel sample during the doping process in an evacuated chamber 

(as described in the Methods section).  The source material of the W was the 99.95% W 

metal filament (manufactured by Alfa Aesar).  Later experiments also included the 

thermal evaporation of 10 µm W powder (manufactured by Sigma Aldrich). 

TABLE VII:  
Tungsten Doping Parameters 

Parameter Variation 
W Source Material Filament, powder, both 

Filament New, reused 
Vacuum Pressure 3.6 x 10-6 mbar, 

4.3 x 10-5 mbar 
Voltage 55 kV, 65KV 

# of Blasts 1 – 10 
Blast Duration 10s, 15s 

 

To deposit a sufficient amount of W on the sample surface, we experimented with 

the doping parameters as listed in Table VII.  A blast is defined as a thermal evaporation 
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episode in which the voltage is raised to the desired value over a period of 10 seconds 

and then held at that voltage for the desired blast duration.  Table VIII lists all W 

diffusion experiments that were conducted. 

 

ANALYSIS 
 
 

Experimentally induced W diffusion profiles were measured by depth profiling 

with a Cameca ims 6f Secondary Ion Mass Spectrometer (SIMS) housed in the School of 

Earth and Space Exploration at Arizona State University.  This instrument used a primary 

ion beam of 16O- and a raster size over an area of 100 x 100 µm.   Initial experiments 

were analyzed using an average current of 22 nA.  When early experiments showed 

exceedingly low surface count rate, a higher current (48 nA) was used.  Positive 

secondary ions were accelerated to the mass spectrometer at 4987 V. In order to limit the 

contribution of secondary ions from the crater walls, a field aperture was put in the 

pathway of the primary beam to allow only those originating from a 30 µm diameter 

circular area in the center of the crater into the mass spectrometer.  A thin film of Au was 

deposited on the sample surface to minimize electrostatic charge by the primary ion 

beam. 

W diffusion profiles were measured as the change in secondary ion intensities 

(counts per second) of 184W with depth.  The count rates for non-diffusing species, 26Mg, 

30Si, 43Ca, and 197Au were also measured simultaneously during the sputtering process in 

order to monitor the stability of the analyses and to help determine the location of the thin 

film and crystal surfaces.  The secondary ion intensities of the species were obtained in 



	  

TABLE VIII: Experimental Conditions and Results from SIMS Depth Profiling 
 

Experiment Orient- 
ation 

T 
[°C] 

t [hr] W Source Filament Vacuum  
Pressure 
[mbar] 

Volt-
age 

[kV] 

#  
of 

Blasts 

Blast  
Dura- 
tion 
[s] 

Cps 
at  

surface 

Add’l 
Comments 

W-Di-
1200-b-1 

b 1200 0.63 Filament Used 3.6  
(10-6) 

55 10 10 8000 Also doped with 
Hf, conducted by 

Elias Bloch 
W-Di-
900-ST 

a 900 0.87 Filament New 4.3 
(10-5) 

55 3 10 844 Zero-time to assess 
SIMS mixing 

W-Di-
1000-1 

b 1000 122.62 Filament Used 4.3 
(10-5) 

55 10 10 180  

W-Di-
1100-a-1 

a 1100 14.45 Filament New 4.3 
(10-5) 

55 4 10 3550  

W-Di-
900-ZT 

un 
oriented 

900 0.83 Filament New 4.3 
(10-5) 

55 4 10 6260  

W-Di-
1100-c-1 

c 1100 7.3 Filament New 4.3 
(10-5) 

55 3 10 904  

W-Di-
1100-b 

b 1100 7.9 Filament Used 4.3 
(10-5) 

55 4 10 640  

W-Di-
1200-b-2 

b 1200 46.75 Filament New 4.3 
(10-5) 

55 10 10 100 
 

Run simultaneously 
with Hf-Di 
experiment 

W-Di-
1050-b-1 

b 1050 40.83 Filament 
& 

Powder 

Used 3.6  
(10-6) 

65 1 15 300  

W-Di-
1100-b-2 

b 1100 43.97 Filament 
& 

Powder 

Used 3.6 
(10-6) 

65 10 15 1500  



	  

peak switching mode, with each measurement cycle requiring 2s for W, Ca, and Au, and 

0.5 s for Mg and Si.  A total of 50–200 measurement cycles were typically obtained in 

each profile analysis. 

The crater depth within a sample was measured by a Dektak surface profilometer 

that was calibrated against known standards.  The crater depths range between 2286 and 

8818 Å  with an average error of 1%.  The error in a crater depth measurement was 

estimated on the basis of 8 measurements along profilometer lines that were normal to 

each other.  An average step size was estimated by dividing the crater depth by the total 

number of steps, and was used to generate ion intensity vs. depth data for different 

isotopes monitored during depth profiling. 

Previous studies of cation diffusion in silicate minerals (Ganguly, 1998; Ito and 

Ganguly, 2006) have shown that the crystal surface lies very close to the position of the 

30Si peak.  Intensities for non-diffusing species – Ca, Mg, and Si – are not stable for the 

first few cycles.   The data for these initial cycles are, therefore, neglected in modeling 

the W diffusion profile.  

 To assess the extent of convolution from SIMS mixing, two zero time 

experiments were analyzed on samples W-Di-900-ST and W-Di-900-ZT.  One 

experiment, W-Di-1200-b-2, was annealed when the wiring and muffle tube of the high 

temperature furnace was contaminated with Fe likely due to a dirty CO2 cylinder and/or 

additional problems that led to the subsequent replacement and rewiring of this furnace.  

To assess the influence of potential of Fe deposition on the sample surface during both 
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the preanneal and annealing processes, the analysis of sample W-Di-1200-b-2 also 

included the measurement of 56Fe. 

 

RESULTS 

 

 Analyses of the two zero-time experiments are shown in Figure VII.1.  SIMS 

convolution effects produced a 300 Å mixing profile on the sample that had been doped 

by three blasts (W-Di-900-ST) and a 400 Å mixing profile on the sample that had been 

doped by four blasts (W-Di-900-ZT).  Secondary ion intensities, or counts per second 

(cps), were low (>1000) on samples with only three blasts so later experiments were 

doped with at least four blasts.   All but two of the W diffusion experiments had profiles 

shorter than 700 Å.   Many analyses only mimicked the SIMS mixing profile.  Doping 

procedures and surface intensities (cps) are listed in Table VIII. 

Depth profiling of sample W-Di-1200-b-1, which was also doped with Hf, 

produced an effective diffusion distance of 1022 Å.  It was later suspected that, due to the 

very short run time of this experiment and the failure of the diffusing elements (both Hf 

and W) to stabilize at greater depths within the crystal, that the SIMS analysis was 

unreliable due to beam instability.  Another experiment, W-Di-1100-a-1, had an effective 

diffusion distance of 1030 Å.  This analysis and model fit to the constant source solution 

to the diffusion equation is shown in Figure VII.2. 

To summarize, eight of the ten experiments that were analyzed for W diffusion 

using SIMS did not contain appreciable W compositional profiles.  This does not include



	  

 

samples that underwent surface reactions during the anneal process.  An Fe diffusion 

profile of approximately 1000 Å (Figure VII.3) was measured in sample W-Di-1200-b-2 

which was suspected to have been lightly coated with iron oxide during the annealing 

process.  W surface counts on this sample were too low (100 cps) to detect a W diffusion 

profile. 
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DISCUSSION 

 

A combination of factors complicated the study of W diffusion in diopside.  These 

complications included: doping an adequate amount of W onto the crystal surface, atomic 

mixing and beam instability using SIMS, as well as potentially forming tungsten carbide 

in the presence of flowing carbon monoxide gas intended to control oxygen fugacity 

and/or evaporating the tungsten thin film at high temperatures.  Early experiments that 

showed promising diffusion profiles (W-Di-1200-b-1) were later rejected due to SIMS 

beam instability (i.e. W, Hf, and Au counts did not stabilize at appreciable depths within 

the crystal).  Additional studies on the volatility of W (i.e. T-t lifetime in a vertical tube 

furnace) should be conducted to design appropriate experimental conditions for diffusion. 

 

CONCLUSIONS AND FUTURE STUDIES 

 

The chemical behavior of W is of great interest for constraining the timing of 

planetary accretion and core formation, not only in terms of its metal-silicate partitioning 

behavior but also the kinetics of diffusion within Hf-bearing host minerals (i.e. silicates, 

oxides).  The primary challenge encountered during this preliminary study was the 

generation of an adequate W source on the diopside crystal surface, as a combination of 

a) thin-film doping protocol and b) potential chemical reaction of the W thin-film during 

the annealing process.   We conclude that the more extreme doping conditions, including 

vacuum pressures below 3.6 x 10-6 mbar, use of a new tungsten filament, and higher blast 
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numbers (4-10), were more likely to result in higher W SIMS surface count rates.  To 

minimize gas-solid interactions of W in air or in the presence of a flowing gas mixture 

containing CO at elevated temperatures, we recommend that future experiments be 

prepared as a thin-film diffusion couple with a W source deposited between a diopside 

bicrystal. 

The author will conduct high-pressure metal-silicate partitioning experiments of 

moderately siderophile elements, including W, as a component of her Ph.D. research at 

Geoinstitute Bayerisches (BGI) at Universitat Bayreuth.     
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APPENDIX II: 
 

CRYSTAL STRUCTURE REFINEMENT OF A HIGH-PRESSURE SYNTHETIC 
 

 CLINOPYROXENE WITH BOTH 4- AND 6-COORDINATED SILICON 
 

 
INTRODUCTION 

 
The coordination of silicon with oxygen in crystalline materials is crucial for our 

understanding of the structure and composition of the Earth's interior because together 

they account for 63% of the atoms in the planet. In general, silicon is four-coordinated 

(IVSi) in the Earth's crust and upper mantle, but six-coordinated (VISi) in the lower mantle 

(e.g., Finger & Hazen, 1991). In the Earth's transition zone (between depths of 410 and 

670 km), minerals are found to contain both IVSi and VISi. Phase transitions that involve a 

change in the Si coordination may affect many important physical and chemical 

properties of materials, such as density, bulk moduli, and elasticity, which, when coupled 

with seismic observations, can provide vital information on the complex constituents of 

the Earth's mantle. 

Clinopyroxenes, one of the major rock-forming minerals of the Earth's upper 

mantle, were long assumed to contain IVSi only. Studies of pyroxenes synthesized at high 

temperatures and pressures, however, have revealed their capacity to accommodate both 

IVSi and VISi (Angel et al., 1988; Konzett et al., 2005; Yang & Konzett 2005; Yang et al., 

2009), pointing to their possible stabilities at higher pressures. In particular, Angel et al. 

(1988) reported a high-pressure Na(Mg0.5Si0.5)Si2O6 clinopyroxene (designated as NaPx 

hereafter), which is isostructural with ordered P2/n omphacite, with VISi and Mg fully 

ordered into two distinct octahedral sites. Later studies of NaPx-CaMgSi2O6 (diopside) 
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and NaPx-NaAlSi2O6 (jadeite) solid solutions uncovered a symmetry transition from an 

ordered P2/n to a disordered C2/c structure as VISi content decreases (Yang & Konzett, 

2005; Yang et al., 2009). The natural occurrence of a clinopyroxene containing VISi, 

(Na0.16Mg0.84)(Mg0.92Si0.08)Si2O6, was reported by Wang & Sueno (1996) as an inclusion 

in a diamond from a kimberlite in China. According to the phase stability relations for the 

NaPx-Mg2Si2O6 (enstatite) join (Gasparik, 1989), this inclusion crystallized at pressures 

greater than 16.5 GPa, or at a depth within the Earth's transition zone (~500 km). The 

foremost implications of this finding include that (1) some portions of the Earth's upper 

mantle may contain a greater ratio of Na/Al than previously inferred from the xenolith 

chemistry, and (2) clinopyroxenes may be one of potential candidates as a silica-rich 

phase in the Earth's mantle. To gain more insights into the systematics on the crystal 

chemistry and stability field of pyroxenes with VISi, we conducted a structure refinement 

of a high-pressure synthetic NaPx-NaFeSi2O6 (aegirine) solid solution (designated as 

NaPxFe hereafter) based on the single-crystal X-ray diffraction data. 

 
 

METHODS 
 
 

The specimen used in this study was synthesized by Drs. Daniel J. Frost and 

Juergen Konzett in a multi-anvil apparatus at Geoinstitat Bayerisches at 15 GPa and 1500 

°C for 23.2 h (run #JKB2006–12) and then rapidly quenched (< 5 s) to ambient 

conditions.  The crystal chemistry was determined with a Jeol electron microprobe on the 

same single-crystal used for the X-ray intensity data collection. The average composition 

of nine analysis points yielded a chemical formula (normalized on the basis of 6 oxygen  
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atoms and 4 cations while maintaining charge-balance) 

(Na0.97Mg0.03)(Mg0.43Fe0.17Si0.40)Si2O6.  

The Raman spectrum of NaPxFe was collected from a randomly oriented crystal 

at 100% power on a Thermo Almega microRaman system, using a 532 nm solid-state 

laser, and a thermoelectrically cooled CCD detector. The laser is partially polarized with 

4 cm-1 resolution and a spot size of 1 µm.  

 
 

REFINEMENT 
 
Throughout the structure refinements, the chemical composition of the crystal was 

fixed to that determined from electron microprobe analysis. From crystal-chemical 

considerations, all Mg and VISi were assigned to the M1 and M1(1) sites, respectively, 

with the rest filled by Fe3+ for both sites. Because the average distance of M2—O is 

shorter than that of M2(1)-O, we assigned 0.03 Mg apfu to the M2 site. The highest 

residual peak in the difference Fourier maps was located at (0.7991, 0.0789, 0.2448), 0.54 

Å from M2, and the deepest hole at (0.2602, 0.1856, 0.1853), 0.48 Å from M1(1). 

 
 

RESULTS 
 
 

NaPxFe is isotyic with P2/n omphacite (Matsumoto et al., 1975; Curtis et al., 

1975; Rossi et al., 1983) and NaPx (Angel et al., 1988; Yang et al., 2009). Its structure is 

characterized by a distorted closest-packed array of oxygen atoms with a layer of single 

silicate chains, extending along c, formed by Si1O4 and Si2O4 tetrahedra, alternating 

with a layer containing two distinct, edge-sharing octahedra M1 and M1(1), occupied by 
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(Mg2+ + Fe3+ + Si4+).  Also in the octahedral layer are two nonequivalent, considerably 

distorted six-coordinated sites M2 and M2(1), occupied by (Na + Mg).  Figure VIII.3 is a 

graphic representation of the (Na0.97Mg0.03)(Mg0.43Fe0.17Si0.40)Si2O6 crystal structure 

created using Xtal-Draw (Downs & Hall-Wallace, 2003). Note that Na in clinopyroxenes 

has been regarded to be eight-coordinated in all previous studies. However, our electron-

density and bond-valence sum calculations indicate that Na in NaPxFe is actually six-

coordinated.  

In contrast to omphacites, the great differences in size and charge between Mg2+ 

and Si4+ result in complete, rather than partial, ordering of Mg at M1 and Si at M1(1), 

while Fe is disordered between the two sites. An inspection of structure data for 

pyroxenes containing VISi shows that, as the respective contents of Mg and Si in the M1 

and M1(1) sites decreases from NaPx to Na(Mg0.45Al0.10Si0.45)Si2O6 (Angel et al., 1988; 

Yang et al., 2009) and NaPxFe, the average M1—O bond length decreases from 2.092 to 

2.084 and 2.075 Å, respectively, whereas the average M1(1)-O bond distance increases 

from 1.807 Å to 1.813 and 1.850 Å, respectively. This observation is evidently a direct 

consequence of the differences in ionic radii among Mg2+ (0.72 Å), Fe3+ (0.645 Å), Al3+ 

(0.535 Å), and VISi4+ (0.40 Å) (Shannon, 1976). The coupled changes in the average 

M1—O and M1(1)-O bond distances from NaPx to Na(Mg0.45Al0.10Si0.45)Si2O6 and 

NaPxFe lead to a substantial reduction in the size mismatch between the two edge-shared 

octahedra, as well as the degree of distortion of the M1 octahedron in terms of the 

octahedral angle variance (OAV) and octahedral quadratic elongation (OQE) (Robinson 

et al., 1971). The OAV and OQE values are 107.2 and 1.035, respectively, for the M1 
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octahedron in NaPx, 101.4 and 1.033 in Na(Mg0.45Al0.10Si0.45)Si2O6, and 88.2 and 1.029 

in NaPxFe. Interestingly, as the geometric differences between the M1 and M1(1) 

octahedra decreases with decreasing VISi content from NaPx to 

Na(Mg0.45Al0.10Si0.45)Si2O6 and NaPxFe, the difference between the mean M2—O and 

M2(1)-O bond distances is also reduced, which is 0.123, 0.113, and 0.096 Å for NaPx, 

Na(Mg0.45Al0.10Si0.45)Si2O6, and NaPxFe, respectively. Conceivably, as the VISi content is 

further decreased, the P2/n structure will eventually transform to the C2/c structure, in 

which M1 and M1(1) become identical, so do M2 and M2(1), and Si1 and Si2. 

Plotted in Figure VIII.2 are Raman spectra of NaPxFe and two clinopyroxenes in 

the NaPx-jadeite system for comparison, one with P2/n symmetry and the other C2/c 

(Yang et al., 2009). The detailed assignment of Raman bands for clinopyroxenes 

containing VISi has been discussed by Yang et al. (2009). Generally, the Raman spectra of 

pyroxenes can be classified into four regions. Region 1 includes the bands between 800 

and 1200 cm-1, which are assigned as the Si—O stretching vibrations in the SiO4 

tetrahedra. Region 2 is between 630–800 cm-1, which includes the bands attributable to 

the Si—O—Si vibrations within the silicate chains. Region 3, from 400 to 630 cm-1, 

includes the bands that are mainly associated with the O—Si—O bending modes of SiO4 

tetrahedra. The bands in Region 4, which spans from 50 to 400 cm-1, are of a complex 

nature, chiefly due to lattice vibration modes, polyhedral librations and M—O 

interactions, as well as possible O—Si—O bending. As noted by Boffa Ballaran et al. 

(1998) and Yang et al. (2009), the C2/c-to-P2/n transformation is characterized by the  



	  

	  

79	  

 



	  

	  

80	  

splitting of many observable Raman bands in the C2/c structure into doublets in the P2/n 

structure, consistent with the doubled number of independent atomic sites in the P2/n 

structure relative to that in the C2/c structure. Compared to the Raman spectrum of 

P2/n Na(Mg0.45Al0.10Si0.45)Si2O6 (Sample J2, Yang et al., 2009), most Raman bands for 

NaPxFe are noticeably broader, indicating the increased positional disorder of atoms in 

our sample, which further suggests that the chemistry of our sample is closer to the P2/n-

to-C2/c transition than that of Na(Mg0.45Al0.10Si0.45)Si2O6 (Yang et al., 2009), in 

agreement with the conclusion we derived above from the structure refinement. 

 

CONCLUSIONS AND FUTURE WORK 

 

 Phase transitions that involve a change in the Si coordination may affect many 

important physical and chemical properties of materials, such as density, bulk moduli, 

and elasticity, which, when coupled with seismic observations, can provide vital 

information on the complex constituents of the Earth's mantle.  This study presents the 

first Fe-bearing pyroxene with both four- and six-coordinated Si.  While previous studies 

have revealed that a phase transition from disordered C2/c to ordered P2/n occurs 

between 0.33-0.45 VISi afpu, the influence of Fe content on this transformation and the 

possibility of additional VISi–bearing pyroxene phases remains unknown.  The foremost 

implication of this finding is that clinopyroxenes may be one of potential candidates as a 

silica-rich phase in deeper regions of the Earth's mantle.   

 This study was completed as part of a one semester graduate course on x-ray 
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diffraction taught by Drs. Robert T. Downs, Hexiong Yang, and Stanley Evans at the 

University of Arizona in the Fall of 2011.  Continued research is underway in 

collaboration with Dr. Przemyslaw Dera of GeoSoilEnviroCARS at Argonne National 

Laboratory, to expand the published data set collected from single-crystal x-ray 

diffraction experiments in diamond anvil cells with natural end-member clinopyroxenes. 
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