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The Formation of Thomson Structures in Iron Meteorites


The Thomson structures of iron octahedrite meteorites were first discovered entirely by accident by G. Thomson while working in Naples in 1804.  After cleaning a specimen of a stony-iron pallasite with nitric acid, Thomson noted the appearance of a strange geometric pattern. 1 But his discovery was not brought to the attention of most prominent meteoriticists at the time due to several reasons: the political instability of the region in which he lived due to the Napoleonic Wars, the fact that his initial observations were published in the French Bibliothèque Britannique (as opposed to a source published and read by English scientists), and, finally, his untimely death in 1806 [there is one other possible reason related addressed by one other source, relating to his exile from      Oxford 3]. 2,3,4 In 1808, the same figures were discovered by and named after Count Alois von Beckh Widmanstätten, head of the Imperial Porcelain works in Vienna.  While heating iron meteorites, he noticed a definite pattern formed by the different oxidation rates of various metal alloys.  He corresponded with various scientists at the time and the pattern/structures that he observed were named after him. 4 As such, Thomson structures are commonly referred to in literature as “Widmanstätten patterns.”


Iron meteorites are primarily composed of two different alloy minerals: kamacite and taenite.  Taenite is a face-centered unit cell of iron and nickel with miller indices {1,1,1}. 5 In meteorites, it is relatively nickel-rich, consisting of between roughly 12 and 45 wt% nickel, the upper limit constrained only by the maximum percentage of nickel ever observed in a meteorite. 6 Kamacite is the low-nickel phase of nickel-iron.  It has a body centered unit cell with miller indices {1,0,1}, and consists of 7.0±0.5 wt% nickel. 5,6 It should be noted that iron and nickel, while their atoms are both similar in size while in the metallic state, form differently structured unit cells at STP. At STP, metallic iron forms a body-centered unit cell, while nickel forms a face-centered unit cell, due to inter-atomic magnetic and interactions on a quantum-mechanic level. 5

The Thomson structures of iron meteorites result from the exsolution of kamacite and taenite as the Fe-Ni solution cools.  All iron meteorites formed as the result of the concentration of molten metallic Fe-Ni resulting from two major processes: impact melting and differentiation due to gravity or radioactive decay in parent bodies.  Thus, all iron meteorites originated as liquid Fe-Ni solutions at temperatures greater than ~1500˚C.  Between 1500˚C and 723˚C, nickel-iron alloys exist as austenite, based on a face-centered unit cell. 5,6,7 As the solid solution cools past 723˚C, the primary metastable phase of the alloy changes into taenite. 6 At this point, the formation of Thomson structures depends on three main parameters: temperature, pressure, and composition. 7 

The Thomson structures of iron meteorites result from the exsolution of kamacite and taenite as the Fe-Ni solution cools.  The metastable phases of iron may or may not change based on the amount of nickel present in the alloy and the ambient temperatures and pressures at which it cools.  The structure of metallic nickel, like taenite, is face-centered. Because of this similarity in structure, if the meteorite has a high nickel concentration (greater than 27 wt% by weight), taenite remains the stable phase regardless of the cooling conditions, and Thomson structures will not form; the meteorite will remain entirely taenite.  At compositions ranging from 6 wt% to between 11 and 16 wt% nickel, depending on ambient temperatures and pressures, Thomson structures form as the solid solution exsolves.  At concentrations of below roughly 6.5 wt% nickel, the meteorite will consist entirely of single-phase kamacite. 7  Fig. 1 is a Fe-Ni phase diagram that addresses the observed macrostructures of iron meteorites, albeit independent of ambient pressure at the time of formation.  
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Fig. 1. Tron-nickel phase diagram.




7
Popular consensus suggests that meteorites composed of 6 wt% or less nickel are called hexahedrites because the crystal structure of kamacite is cubic.  Octahedrites are named such because the kamacite (α-phase) that exsolves does so along the octahedral crystal boundaries of the parent taenite crystals (γ-phase).  This creates a structure that is octahedral in nature and visible when the meteorite either breaks along crystal planes or when a polished surface is etched with acid, which preferentially dissolves the Ni-poor kamacite.  There is minor controversy surrounding the class deemed “ataxites,” due to the supposed different ways in which they can form.  “Ataxite” is a broad term for meteorites that do not posses a grossly hexahedral or octahedral structure.  Goldstein and Ogilvie (1965) favor a classification system for iron meteorites based on chemistry alone. They suggest that meteorites composed entirely of taenite should be deemed ataxites.  These meteorites all contain greater than 11-16 wt% nickel, depending on temperature and pressure at the time of cooling.  But some more recent research, esp. by Wasson, has suggested that low-nickel meteorites found to lack typical Thomson, hexahedral, or plessitic structures due to cosmic or artificial recrystallization and annealing should be deemed low-nickel ataxites, based solely on a structural analysis. 7,8 
The discord seems to exist due to a disagreement between the importance of chemistry with regard to meteorite structure versus its importance in determining the parent body of a given meteorite as best as it can be determined by a meteorite’s trace-element composition.  Iron meteorites are subdivided into fourteen main classes (not including unique meteorites, which are deemed “ungrouped”) based on their chemistry and isotopic compositions. 9 If one believes that the paramount question regarding iron meteorites is whether or not a meteorite contains a certain percentage of nickel, then the term “ataxite” should refer only to meteorites whose sole structural phase (taenite) has been determined by their high nickel content (greater than 27 wt%).  If, on the other hand, one notes that there already exists a classification scheme for iron meteorites that chemically groups meteorites with others that are believed to be from the same parent body, regardless of structure, then the term “ataxite” should refer solely to an iron meteorite’s structure, as is suggested by Wasson and others. 8,9 

Kamacite begins to precipitate preferentially along octahedral γ planes at approximately 700˚C in typical octahedrites. 7,9 As the meteorite cools to roughly 500˚C, it becomes harder and harder for nickel to migrate through the taenite, farther away from the α/γ boundary.  This results in zoned γ-phases, with progressively higher nickel concentrations closer to α/γ interfaces (Fig. 2). 7,9 
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Figure 2. Electron microprobe scan of a meteoric taenite band.7

As cooling progresses to approximately 500˚C, the larger remaining areas of taenite are cooled beyond the α/γ boundary, while nickel movement is exponentially inhibited by low temperature. This results in areas of finely intergrown kamacite and taenite crystals called plessite. 7,9,10 


The initial nucleation of the α-phase occurs at varying temperatures depending on the nickel content of the initial γ solution.  Kamacite nucleates at higher temperatures in Fe-Ni solutions with lower nickel concentrations. 7 This means that kamacite crystals in lower-nickel solid Fe-Ni solutions will generally have more time to grow than kamacite in nickel-rich solid solutions (Table 1). 7,10 
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‘Average nickel content Moan apparent,
Size group (wt%) bandwidth of kamacite
Very coarse 65 >2.5
Coarse T4 1525
Medium 82 0-5-1-0
Fine 90 01504
Very fine 11-65 <01





The growth of the Widmanstätten pettern in metallic meteorites7

Pressure is noted as the primary inhibiting factor with regards to the formation of an octahedral Thomson structure in meteorites with a nickel concentration greater than 13 wt%. 11 By lowering the equilibrium curve between the γ  and α/γ phases, pressure catalyzes the formation of α-phase crystals at temperatures at which nickel movement through taenite is near-zero (less than 450˚C).  This in turn leads to the formation of meteorites that are primarily plessitic in structure. 7,9,10,11 Goldstein and Ogilvie (1965) address the problem of pressure with regards to octahedrite formation, note that because of this spontaneous high-pressure formation of plessite, high-pressure models of Thomson structures cannot be valid. 7 More recent studies have shown that the nucleation of kamacite can be incuced at even higher temperatures and increased rates if various impurities such as phosphorous or chromium are introduced. 12 According to these studies, the impurities of various elements naturally present in iron meteorites in varying concentrations can lower the γ-α/γ equilibrium curve by providing higher energy nucleation sites for α-phase crystals.  

“The cooling rates predicted by the new model are two orders of 

magnitude greater than those of previous studies. For 
example the cooling rates of chemical groups I, IIIAB and IVA 

are 400-4000°C/l06 years, 150-1400°C/ 106 vears, and 750-6000°C/106 

years, respectively...Such fast cooling rates can be interpreted to 

indicate that meteorite parent bodies need only be a few kilometers 

in diameter or that iron meteorites can be formed near the surface 

of larger asteroidal bodies.” 12
The formation of Thomson structures depends greatly on the cooling rate of the solid Fe-Ni solution, its composition, and the pressure at which it cooled.  Generally, a lower nickel concentration leads to the formation of an iron meteorite with a greater proportion of kamacite to taenite.  Taenite, with higher concentrations of nickel, retains a nickel-like face-centered unit cell structure, while nickel-poor kamacite is structurally more similar to the body-centered metallic iron unit cell.  Equilibrium between these two phases is also governed by impurities; larger amounts of impurities lead to increased kamacite formation by increasing reaction rate as well as the nucleation temperature of the kamacite.  As with all crystals, slower cooling rates allow for larger (kamacite) crystal growth.  
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