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Abstract:



In this communication, we report the results of a preliminary neutron diffraction investigation of iron meteorites. These planetary materials are mainly constituted by metallic iron with variable nickel contents, and, owing to their peculiar genesis, are considered to offer the best constrains on the early stages of planetary accretion. Nine different iron meteorites, representative of different chemical and structural groups, thought to have been formed in very different pressure and temperature conditions, were investigated, evidencing variances in crystallites size, texturing, and residual strain. The variability of these parameters and their relationship, were discussed in respect to possible diverse range of petrological conditions, mainly pressure and cooling rate, experienced by these materials during the crystallization stage and/or as consequence of post accretion events.
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1. Introduction


It is currently accepted that, in the Solar System, planets formed by collisional growth from smaller bodies, which size ranges from powder to protoplanets [1]. There is a growing consensus that these bodies accreted early in the Solar System’s history since 26Al, which has a half-life of only 0.7 Myr, is considered the main source of the heat that melt the asteroids, allowing for the heavier components to separate from silicates forming the metallic cores [2]. After a more or less rapid crystallization, these protoplanets were shattered, and sometimes scattered, by asteroidal hypervelocity impacts. Shortly after the impacts, a large part of the mass aggregated again under gravity effect; nevertheless, when the velocity of the ejected fragments overcame the escape velocity, they abandoned the asteroid and travelled in the space taking on their own orbit. Then, eventually, were captured by Earth’s gravity crossing its atmosphere as meteors, and, some of them, falling on its surface as meteorites.



Iron meteorites are assumed to be fragments of asteroids cores produced by these primordial large impacts. If meteorites are large enough (more than a cubic decimeter), reheating effects yielded when they enter the Earth’s atmosphere only affect their very external portions, leaving the interior unaffected. This offers the possibility to study the pristine materials crystallized during the very early stages of planetary accretions, from which glimpses of the geophysical constrain of the processes that took place a few billions of years ago can be speculated.



The overwhelming bulk mineralogy of iron meteorites consists of Fe-Ni alloys; i.e., iron (α-(Fe, Ni), BCC structure, historically known as kamacite) and taenite (γ-(Fe, Ni), FCC structure). It is generally accepted that the kamacite phase, occurring as elongated plates or lamellae, is generated by a solid-state phase transformation at the taenite/taenite grain boundary when the material is slowly cooled down [2]. As a consequence, the fine intergrowth of these two phases, named Widmanstätten patterns, constitutes a peculiar feature of the most part of iron meteorites. The thickness of the kamacite lamellae (kamacite bandwidth) is primarily dictated by the bulk chemical composition, i.e., initial nickel content, the size of the pristine taenite crystals and the cooling rate; the higher the nickel content and the faster the cooling rate, the smaller the kamacite bandwidths [3].



The detailed knowledge of the texture of a meteorite, i.e., the size, shape, and distribution of crystallographic orientations of residual taenite crystal and kamacite lamellae, can provide useful insight about the process by which the materials formed and the composition of the parent asteroid. Traditionally, this goal is achieved by means of metallographic observation on specifically cut and polished portions of the sample. This approach is intrinsically destructive and cannot provide information about the residual stresses of the material. In recent years, techniques based upon penetrative probes such as hard X-rays radiations or neutrons gained a prominent position in the study of the metallic material crystal structure [4,5,6]. Respect to the classical approach these techniques offer the main advantage of being non-destructive. For such reason, they can be applied to determine texture and crystallographic features of precious or scarcely available samples, such as meteorites. For example, Hofler and coworkers [7] studied the texture of the Gibeon meteorite by means of neutron diffraction, Peetermans and coworkers [8] used energy-selective neutron imaging to obtain the texture of the Mont Dieu meteorite while neutron tomography was used to achieve three-dimensional (3D) spatial reconstruction of crystals in some iron meteorites [9]. Alternatively, conventional X-ray transmission radiography was applied to study the orientation of kamacite lamellae [10], and both, hard X-ray photoemission electron microscopy (HX-PEEM) [11], and X-ray synchrotron diffraction [12] were used to determine the metallographic properties of the Gibeon meteorite. However, to the best of our knowledge, these studies were limited to a very little number of meteorite samples and no determination of residual strain was attempted. Indeed, the presence of residual crystal lattice strain can be related to peculiar petrological conditions experienced by the samples during or after their formation. In accordance with the principal geophysics’ textbooks we assumed that crystallization from metallic melt took place in hydrostatic conditions. If so, homogeneous residual (compressive) strain can be attributed to the pressure experienced during the crystallization stage, strictly related to the size of the parent asteroid. Again, inhomogeneous or directional strains can be related to intense directional stresses experienced by the meteorite after its crystallization, namely hypervelocity asteroidal impacts whose effects were not cancelled by thermal annealing.



In this paper, we present the results of a preliminary investigation aiming to assess the feasibility of the analytical approach to cope with extraterrestrial metallic materials. On a set of nine iron or stony-iron meteorites belonging to different chemical groups, metallographic and structural parameters were determined via neutron diffraction investigation. Among this set of samples, large differences in texturing and crystallographic domains size were determined. Texturing means discrepancy between the diffraction pattern generated by a microstructurally oriented sample with respect to the one generated by an ideal isotropic homogeneous sample (namely a randomly oriented powder in the crystallographic meaning). By comparison with the chemical data and metallographic observations available in literature the new data here presented were tentatively attributed to possible different petrologic conditions experienced by these materials during, or after, the crystallization stage.




2. Materials and Methods


The meteorite samples were obtained from the Museo di Scienze Planetarie-Fondazione Parsec (Prato, Italy) and the Museo di Storia Naturale dell’Università degli Studi di Firenze (Firenze, Italy). Table 1 summarizes the characteristics of the investigated samples.



Table 1. Summary of the investigated samples. In the shape and size column, the term whole refers to an uncut sample (including the annealed external portion) while cut refers to internal portions extracted from the unaltered core of larger samples.







	
Catalog Number

	
Sample Name

	
Shape and Size (L × W × H) (cm3)

	
Chemical Classif.

	
Structural Classif.

	
Cooling Rate (°K·Ma−1) [13]

	
Proposed Parent Asteroid’s Size [13]






	
MSP-PL2391

	
Castiglione del Lago

	
Whole

5 × 5 × 4

	
IAB-MG

	
Coarsest octahedrite (Ogg)

	
1–5

	
>150




	
MSN-RI3221

	
Campo del cielo

	
Cut

2 × 2 × 1

	
IAB-MG

	
Hexahedrite (H)

	

	




	
MSP-PL5067

	
Sikhote Alin

	
Whole

2 × 2 × 3

	
IIAB

	
Coarsest octahedrite (Ogg)

	
6–12

	
90–130 km




	
MSN-RI3219

	
Sikhote Alin

	
Cut

20 × 10 × 4

	
IIAB

	
Coarsest octahedrite (Ogg)

	

	




	
MSN-RI3220

	
Agoudal

	
Cut

4 × 4 × 3

	
IIAB

	
Coarse octahedrite (Og)

	

	




	
MSN-RI3222

	
Muonionalusta

	
Cut

4 × 1 × 1

	
IV A

	
Fine octahedrite (Of)

	
100–6600

	
~300 km (lack of insulating mantle) [14]




	
MSN-RI3218

	
Seymchan

	
Cut

3 × 3 × 4

	
Pallasite

	
Coarse octahedrite (Og)

	
6–12

	
90–130 km




	
MSP-PL1412

	
Mont Dieu

	
Cut

10 × 8 × 2

	
ungrouped

	
Plessitic octahedrites (Off)

	
100–150

	
<50 [15]




	
MSN-RI3282

	
Gebel Kamil

	
Whole

3 × 2 × 2

	
ungrouped

	
Ataxite (D)

	
1400–17,000

	
small




	
MSP-PL5069

	
Chinga

	
Cut

7 × 6 × 1

	
ungrouped

	
Ataxite (D)

	
1400–17,000

	
small










The samples were analysed using the Time of Flight Diffractometer INES (Italian Neutron Experimental Station) [16,17] at the ISIS neutron spallation source [18] (Rutherford Appleton Laboratory, Didcot, UK). The average thermal neutron flux of INES is about of 106 n·cm−2·s−1 [16] as measured through the integrated synchrotron proton current. After irradiation, the activation of the sample was measured using the Geiger counter provided on the beamline, and the samples were showing no activation at 5 min after removal from the beam-line.



The data reduction and focusing was performed using the Mantid code [19] and the data analysis on kamacite phase was carried on through the GSAS program [20] exploiting the EXPGUI interface [21]. The function peak profile used was number four since it is the one offering the best degree of detail in the diffraction peak shape analysis.



The microstructural properties were determined by analysing the shape and the relative intensity distribution of the kamacite diffraction peaks, while its lattice parameter (α-(Fe, Ni), size of the BCC cell), directly related to the Fe-Ni relative concentration [22], were determined by peaks displacement and exploited to evaluate the nickel content. In the set of samples analysed, kamacite resulted the main phase, therefore we carried out the microstructural analysis of this phase alone in order to determine the properties of the material and the relationship with the crystallization and post-annealing conditions. The size of the crystallographic domains was determined by applying the Scherrer law [20,21], using the Lorentzian broadening of the peaks [20]. The degree of intensity of the third type microstrain [20,21] was semi-quantitatively determined by exploiting the Gaussian broadening parameter S400 [20,21]. Finally, since in the time of flight approach, every detector at fixed position, provides a complete diffraction pattern [16], therefore the texturing, i.e., the presence of preferred crystallographic orientation, was qualitatively evaluated by visualizing the diffraction patterns as a function of the scattering angle.




3. Results


A typical neutron diffraction pattern (Mont Dieu meteorite) is displayed in Figure 1. The scatter plot (crosses) depicts the experimental data while the line fitting obtained applying Rietveld refinement is represented by a red line. The two main phases, taenite and kamacite, were identified and the peaks were consistently labeled. The mismatch between fitting and experimental data depicted by the blue line represents the evidence of texturing (in the sample reported in Figure 1 show only modest discrepancy therefore, little or none texturing).


Figure 1. Rietveld analysis of the Mont Dieu sample diffraction pattern recorded by the 3He detector placed at 2θ = 90.565°. In the picture are shown the experimental data points (crosses), the Rietveld refinement fit (continuous line), the reconstructed positions of the Bragg reflections (dots and diamonds) and the residuals of the fit (blue continuous line). The peak at 0.87 Å is relative to the aluminum tape used to fix the samples.
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Among the investigated samples, several cases returned a barely detectable taenite diffraction pattern. That is due to lower total amount of this phase with respect to kamacite and to the fact that taenite is usually distributed as intergranular precipitates around kamacite large grains. In such conditions, the level of disorder in the taenite crystallites is higher, resulting in weaker and broader diffraction peaks than the ones of kamacite [23]. Therefore, compositional and microstructural analyses were performed taking into account the kamacite data alone.



A qualitative evaluation of the texturing of each sample was obtained by observing the diffraction intensity distribution as a function of the scattering angle (refer to [16] for set-up and instrumental details). The diffraction patterns displayed in Figure 2 present two different trends: (a) the relative intensity of the peaks remains almost constant varying the scattering angle or (b) it changes significantly. In case (a), the crystalline structure of the samples is reasonably represented by randomly oriented crystallites. Chinga, Mont Dieu, and Gebel Kamil meteorites fall into this group. The (b) case, that shows a steep variation in the peak intensity as a function of the scattering angle, represents materials in which the crystals result preferentially oriented along few crystallographic directions (i.e., texturing). Seymchan, Muonionalusta, Campo del Cielo, Agoudal, and Castiglione del Lago meteorites fall into this group.


Figure 2. Diffraction patterns taken at different angles for the investigated samples. The name of the meteorite is labeled on the top left corner on every diffraction diagrams.
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It is worth mentioning that two different samples of the same meteorite (Sikhote Alin) provided apparently contradictory results. The first one, which was cut from the bulk of a large specimen, exhibits a steep variation of the diffraction peaks intensity as function of the scattering angle (strong texturing), while the other, constituted by a whole little splint detached from the main mass during the atmosphere transit, does not show any variation in the diffraction peak relative intensity (no texturing). This opposite behavior displayed by a nominally same meteorite, is probably related to the aerodynamic heating that was experienced by the small sample. It is well known that reheating at sufficiently high temperature determines the α to γ solid phase transition. After the fall, the rapid cooling stimulates kamacite recrystallization in a powder-like distribution. The same powder-like behavior is observed for the Gebel Kamil sample (Figure 2), which is a small whole fragment and reasonably was subjected to similar annealing experience. It is therefore reasonable to suppose that reheating due to the atmosphere transit heavily affects small (1–2 cm size) splints making their microstructure no more representative of the condition of the pristine meteorite. Vice versa, portions of larger fragments, like the one analyzed and displayed in Figure 2, result unaffected by the atmospheric reheating. A deeper investigation of this aspect will be demanded to future measurements on a properly prepared set of samples.



Table 2 displays the kamacite lattice parameters, namely the size of the cubic cell, as determined by the displacement of the diffraction peaks respect to the pure iron. By assuming that the observed lattice displacement can be attributed to the Ni content, the amount of Ni substituting Fe in kamacite lattice can be precisely evaluated [22]. The resulting Ni content in kamacite can be compared with the amount determined, in this phase, by chemical analysis (Table 2).



Table 2. Average nickel content (wt %) in the kamacite phase as determined by chemical analysis (measured Ni content, literature data) and calculated by the measured lattice parameter displacement with respect to pure iron (equivalent Ni content).







	
Sample Name

	
Kamacite Lattice Parameter (Å)

	
Equivalent Ni Content (wt %)

	
Measured Ni Content (wt %)

	
Δ






	
Castiglione del Lago

	
2.87008(4)

	
8.6 ± 0.1

	
6.5 ± 0.2 [24]

	
+2.1




	
Campo del cielo

	
2.86978(9)

	
7.5 ± 0.3

	
6.4 ± 0.1 [25]

	
+1.1




	
Sikhote Alin

	
2.86853(6)

	
3.6 ± 0.1

	
5.9 ± 0.1 [25]

	
−2.3




	
Agoudal

	
2.86945(8)

	
6.3 ± 0.2

	
5.5 ± 0.1 [26]

	
+0.8




	
Muonionalusta

	
2.86987(4)

	
7.8 ± 0.1

	
7.40 ± 0.03 [27]

	
+0.4




	
Seymchan

	
2.86934(4)

	
5.9 ± 0.2

	
5.3 ± 0.09 [28]

	
+0.6




	
Mont Dieu

	
2.86899(2)

	
4.9 ± 0.1

	
5.5 [15]

	
−0.6




	
Gebel Kamil

	
2.86960(2)

	
6.85 ± 0.08

	
-

	
nd




	
Chinga

	
2.86921(3)

	
5.5 ± 0.1

	
-

	
nd










In several cases, remarkable discrepancies were observed. A lower Ni content (larger elemental cell) was observed for the Sikhote Alin meteorite. This can be physically attributed to two reasons: (a) the presence of cell-enlarging elements (such as Co) and (b) to shear deformations [25]. However, chemical analysis ruled out the massive presence of cell-enlarging elements, therefore the observed difference can be reasonably attributed to shear deformation alone. Vice-versa, Ni contents significantly higher than the amount deduced from lattice parameter (smaller elemental cell) cannot be explained by the presence of massive amounts of foreign elements. Therefore, the most likely explanation of the observed lattice shrinkage can be tentatively attributed to different physical conditions that were experienced by the samples during the crystallization stage. Large parental asteroids, such as the one on which Castiglione del Lago and Campo del Cielo are supposed to be formed (see Table 1), would generate higher pressure contributing to compressive strains that cannot be removed if significant reheating would not have happened. On the other hand, meteorites formed within smaller bodies would have experienced much lower pressures, resulting in nearly unstressed lattices (Mont Dieu).



Finally, the third type strain values, obtained by fitting the Gaussian broadening of diffraction peaks of kamacite (using the S400 gaussian parameter of type 4 peak profile function [19]), were plotted as function of the crystallite size determined through the broadening of the Lorentzian peak profile, according to the Scherrer law (Figure 3). It is worth noting that the investigated samples can be tentatively grouped into three different sets: (1) samples characterized by small size crystallites and none or negligible internal stress (Figure 3, red circle); all of the coarse and coarsest octahedrites and the hexahedrite investigated in this work, fall within this group; (2) Samples characterized by small crystallites but high residual stress (Figure 3, blue circle); the finest grained meteorites (ataxite and plessitic octahedrite) fall in this group; and, (3) Samples characterized by larger crystallites and little or none internal stress (Figure 3, green circle) displayed by fine grained meteorites, such as Gebel Kamil and Muonionalusta.


Figure 3. Third type strain versus crystallite size plot for the analyzed meteorite samples. Three different zones of the graph can be defined: small size-low strain (red circle), small size-high strain (blue circle) and larger size-low strain (green circle).
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It is worth to highlight that the crystallite size is not strictly related to microstructure since both coarse and fine-grained iron meteorites present crystals of variable sizes. This is likely related to the post crystallization conditions experienced by the sample; reheating and long annealing would result in larger crystallites, whereas rapid cooling without post accretional annealing would result in smaller crystallites. Vice versa, residual internal strain is reasonably related to episodes of intense stress conditions without an adequate annealing experienced by the meteorites after crystallization. Asteroidal hypervelocity impacts with fragmentation of the solidified material, followed by an insufficient annealing time would account for these conditions [29]. Accordingly, meteorites characterized by evident plastic deformation, such as Chinga [30] and Mont Dieu [31], present the highest value of internal strain.



Noteworthy, the case of the little fragment of Sikhote Alin meteorite, witnesses the effect of atmospheric heating. Respect the pristine material, small samples experienced higher temperature during the atmospheric transit and successive rapid cooling. The heating was not high enough to affect their microstructure, but the effects of this rapid annealing are clearly detectable by the larger crystallites size and the higher internal strain.




4. Conclusions


Nine different iron meteorites, representative of different chemical groups, were analysed by means of neutron scattering. The diffraction data evidenced remarkable differences among the investigated samples regarding texturing, crystallite sizes, and internal strain. Texturing differences can be related to variable crystallization conditions. Rapid cooling rate during the accretion stage or reheating followed by a rapid cooling could account for a highly textured material. Crystallite sizes and internal strain seem to be reasonably related to rapid post accretion annealing or plastic deformation, such as hypervelocity impacts, or, for tiny samples, the simple atmospheric transit. Finally, size discrepancies between the measured kamacite cell parameters and their theoretical value, determined accounting the relative Ni content, were observed and tentatively related to the different pressures that were experienced by the meteorite during the accretion stage.



For the first time, differences in the texturing, residual strain, and cell size in iron meteorites were recognized in a non-destructive way. Even if a systematic study involving a much larger number of meteorite samples would be recommended to confirm these preliminary data, the analytical approach here described may represent a new and powerful tool for the investigation of the petrochemical conditions ruling the very early stages of formation of the Solar System.
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