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Abstract:



X-ray and neutron tomography are applied as a bi-modal approach for the 3D characterisation of a Monturaqui impactite formed by shock metamorphism during the impact of an iron meteorite with the target rocks in the Monturaqui crater (Chile). The particular impactite exhibits structural heterogeneities on many length scales: its composition is dominated by silicate-based glassy and crystalline materials with voids and Fe/Ni-metal and oxihydroxides particles generally smaller than 1 mm in diameter. The non-destructive investigation allowed us to apply a novel bi-modal imaging approach that provides a more detailed and quantitative understanding of the structural and chemical composition compared to standard single mode imaging methods, as X-ray and neutron interaction with matter results in different attenuation coefficients with a non-linear relation. The X-ray and neutron data sets have been registered, and used for material segmentation, porosity and metallic content characterization. The bimodal data enabled the segmentation of a large number of different materials, their morphology as well as distribution in the specimen including the quantification of volume fractions. The 3D data revealed an evaporite type of material in the impactite not noticed in previous studies. The present study is exemplary in demonstrating the potential for non-destructive characterisation of key features of complex multi-phase objects such as impactites.
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1. Introduction


X-ray computed tomography (CT) has long demonstrated its potential as a non-destructive analysis and visualisation method in geoscience, with applications extending from palaeontology, to soil research, oil and gas production, among others [1,2,3]. X-ray CT has been complemented by neutron radiography and neutron tomography, expanding the range of applications to e.g., the study of denser materials and larger samples volumes, and to samples with light elements dispersed in a matrix of heavy elements [4,5,6,7]. The application of multimodal imaging has gained in popularity in the recent years and researchers have come to realize that the complementary abilities of these two well-established imaging modalities could be exploited more efficiently by using them in tandem. This has even led to the implementation/design of simultaneous X-ray and neutron imaging instruments, such as ICON at the neutron spallation source SINQ (CH) [8], NeXT system at the NIST Centre for Neutron Research (USA) [9], and the NeXT-Grenoble at the ILL reactor in Grenoble (FR) [10]. The combined use of X-rays and neutrons provides additional element-dependent information since the physics of radiation interaction with the elements constituting the sample differs [11]: X-rays interact mainly with the electrons of an atom (the more electrons an atom has the higher the probability of interaction), whereas neutrons are electrically neutral particles that interact with the atomic nuclei. Neutrons are very sensitive to some light atoms, most notably hydrogen which has a scattering cross-section typically one order of magnitude larger than that of other atoms [11]. Therefore, water and hydroxyls associated with minerals show low contrast when using X-rays, but can readily be visualized by neutrons. Dense materials, including most metals, instead exhibit strong X-ray attenuation but are relatively transparent when using neutrons [11]. In favourable cases, neutron imaging helps even to differentiate between isotopes or neighbouring elements of the periodic table [11].



Here, we present a 3D imaging investigation of a weathered impactite rock from the Monturaqui meteorite impact crater in northern Chile. The impactite is a shock-metamorphosed rock resulting from the collision of an iron meteorite and terrestrial silicate rocks. Such collisions cause irreversible changes in the materials due to the formation and propagation of a shock wave in both the impactor and the target. For terrestrial planets, the impact can induce pressures up to several 100 GPa and temperatures up to thousands of degrees Celsius [12].



A frequently observed feature of impactites formed by iron meteorites is the incorporation of fragments and spherules of the meteorite into the impactite glass. Pores, vesicles and cracks are also a prominent characteristic of impactites. Both metallic spherules and vesicles typically range in size from µm to cm, therefore it is possible to resolve these objects at most sizes. Cracks and pores in the impactite may at later stages allow oxygen and water access to the metal, resulting in corrosion and the internal transport and precipitation of corrosion products in cracks and voids. Since weathering products typically contain hydrogen—or are associated with water adsorbed to surfaces—they will be particular distinct in neutron imaging.



The resulting impactite rocks represent chemical disequilibrium products where vitreous phases are mixed with shocked and unshocked lithic fragments and vaporised/condensed metal deriving from the meteorite, forming vesiculated heterogeneous aggregates. While previous 2D studies [13] have identified most of the constituents in the impactite, major shortcomings exist concerning quantification of the constituents and their relative position within the impactite. This information is prerequisite in studies of the interactions of the constituents during impactite formation and weathering and would ultimately give a detailed understanding of the impactite formation processes.



Unlike terrestrial matter, iron meteorites—and consequently the corresponding crater and its surrounding ejecta blanket—are relatively rich in platinum-group metals (e.g., Ir, Pt, Re) which are used as markers to identify terrestrial impact craters [14]. Iridium concentration anomalies show a strong correlation to meteoritic events [15,16], but they are not truly unequivocal factors. Instead, the co-occurrence of a vesiculated partly melted matrix (the impactite rock) and metallic projectile droplets of meteoric origin (FeNi micro-spherules) represent a peculiar feature specific to meteoritic events only [17].



The present case-study shows the extent of information that can be elicited through a non-invasive approach combining X-ray and neutron tomography. This work represents a novel example where these two techniques have been methodically correlated for analysis. The focus of this study is to quantify and differentiate the different lithologies. Since the theoretical X-ray and neutron attenuation coefficients of a mineral can be calculated, it is possible to make predictions concerning its visibility and detectability inside the reconstructed tomographic volumes. X-ray CT, with its relatively high resolution and contrast, was applied for morphological studies (e.g., porosity) and quantification of metallic spherules. Neutrons were used as they provide high contrast for hydrogen in metal oxides and for platinum-group and noble metals (e.g., Cu, Re, Ir, Pt, Au), which are originally present as trace elements in iron meteorites.



Both techniques provide important 3D information on the internal structure of materials. Results obtained are compared to current literature and to results obtained from standard destructive analysis on analogous Monturaqui impactites.



This study has a two-fold aim. First, it is well suited to exploit approaches of bi-modal visualisation and analyses to a detailed, multi-component object, as a model system for corresponding studies and strategies. Second, the study aims to investigate the full potential of non-destructive imaging applied to this class of geological samples, to help inform future studies and build an understanding of where and how far non-destructive imaging can replace destructive investigations.




2. Materials and Methods


2.1. Monturaqui Crater and Impactite


Monturaqui is an old (663,000 ± 90,000 years [18]) small-sized crater (360–380 m across and 21–39 m deep) situated at an altitude of 3100 m in the Atacama Desert region of the Andes [19]. The region is currently one of the most arid in the world, with an annual precipitation of less than 1 mm [20], generally limiting the extent of water-based weathering. The target rocks of the impact comprise of granite rock, overlaid by a thin sheet of ignimbrite from adjacent volcanoes [19]. Ignimbrites are pyroclastic rocks containing angular clasts of ash and lapilli tuff ranging in size from a few cm to over 50 cm. The ash and tuff contain pumice clasts as well as crystals of plagioclase feldspar, quartz, and biotite [21]. The Monturaqui impact event has been modelled [22] estimating an impactor of ~14.92 m in diameter with a density of 6.31 g/cm3. The energy of the impact produced ~6.8 × 106 m3 of impact melt of ~2.63 g/cm3, material that was ejected as far as 11.49 km from the impact.



While individual metallic fragments detached from the meteorite and deposited on the surface were almost completely transformed over the years into fine grained iron (oxi)hydroxides (mainly goethite and maghemite), impactites host a small—but characteristic—volume of particles of metallic Fe-Ni (some having additional FeS) embedded in glass and thereby protected from corrosion [23].



Since the discovery of the crater in 1962, Monturaqui impactites have been extensively studied by destructive methods: petrography in particular, but also scanning electron microscope (SEM), electron microprobe (EMP) analysis, X-ray fluorescence (XRF), inductively coupled plasma mass spectrometry (ICP-MS) analysis, and Mössbauer spectroscopy [18,23,24,25,26,27,28]. These analyses demonstrated the occurrence of FeNi spherules and related weathering oxides, and showed different structural components derived from the original target rocks. The glass component of the Monturaqui impactites is formed from the non-modal melting of granitic minerals, the melting of the ignimbrite, or a combination of the two [18], and possibly the addition of Fe and Ni from the meteorite. From the analysis of the melted minerals and of the planar deformation features of plagioclase and quartz grains, the impact temperatures were estimated to be <1700 °C and pressures ~45–55 GPa [29].



Monturaqui impactites are vesiculated and mainly of sub-rounded morphology, in part appearing as though formed by the cladding of different materials, but also exhibiting evidence of explosive disruption (part of vesicles constituting the exterior surfaces, see Figure 1). They are heterogeneous in colour and texture. For this study we have selected a piece of Monturaqui impactite (collected by Dr. V.F. Buchwald) of approximately 5 × 3 × 3 cm3 (see Figure 1). This piece of impactite exhibits the characteristic vesicles, oxides, and metallic inclusions.


Figure 1. The weathered Monturaqui impactite used in this study, similar to the material described in [23].
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The metallic spheres are generally scattered in the impactite glass and can range in size from less than 1 µm to more than 2 mm diameter. A previous study [30] from a CT reconstruction of a piece of impact melt estimated the volume occupied by the spherules to ~4.6% of the total. The spherules have a higher Ni content compared to the bulk composition of the iron meteorite [23,25], but the composition varies. The ratio of Ni to Fe ranges from 5–10% Ni (as kamacite), up to 20–74% Ni (as taenite) [25,28]. Ni-rich spherules are more resistant to corrosion [31]. The spherules are also enriched in Co with respect to the meteorite [15]. Co is ~3% of Ni or higher [30], 2 to 10 times more than the original meteorite [25]. In addition, spherules can also contain varying amounts of sulphur, in the form of interstitial troilite (FeS) and pyrrhotite (Fe(1−x)S). This sulphur is very likely originating from the meteorite as the target rocks are essentially sulphide-free [23].




2.2. X-ray and Neutron Computed Tomography (CT)


The combination of neutron and X-ray computed tomography is used as a non-destructive method of studying the structural details and the composition of the impactites.



When a heterogeneous sample is irradiated by X-rays or neutrons, the incident beam is attenuated according to the attenuation properties and the thickness of the materials it transverses [11]. For a mono-energetic beam and a sample containing i (homogenous) materials, the attenuation follows the Beer-Lambert law:


[image: ]



(1)




where I is the transmitted intensity, I0 is the intensity of the incident beam, μi (cm−1) is the linear attenuation coefficient of every material i being traversed, and di (cm) is the thickness, i.e., the path length of the radiation through material i. The linear attenuation coefficient μi is a material-specific quantity and is proportional to its density:
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(2)




where ρi is the mass density (g/cm3), NA is the Avogadro constant (6.022 × 1023 mol−2), Mi is the atomic mass (g), and σi is the total cross-section (10−24 cm2) of the material i and accounts for absorption and scattering. For X-rays σi includes the effects of photoelectric attenuation and incoherent Compton scattering (and coherent Rayleigh scattering), while for neutrons σi includes absorption and coherent and incoherent scattering. For both X-rays and neutrons, σi depends on the energy of the radiation and on the atomic number Z.



For silica-dominated geological samples measured using standard X-ray laboratory sources, the dominant attenuation process of X-rays below 50–60 keV is photoelectric absorption (∝ Z4–5) [32,33], whereas at higher energy Compton scattering predominates (∝ Z, or to first order ∝ ρ). This means that low-energy X-rays are more sensitive to differences in composition (e.g., for materials with similar mass density) than high-energy X-rays [34]. However, the former are also more easily attenuated, limiting the thickness of high-density material that can be penetrated.



Neutrons, having no charge, interact directly with atomic nuclei and can therefore travel deep into matter [11]; they can either be scattered in billiard-ball-like collisions or absorbed, changing the target atom into a different isotope. The most important processes for cold and thermal neutrons are nuclear absorption and elastic scattering [11]. Interaction with high-energy neutrons will not be considered further here as it is less well suited to this specific case study. The neutron attenuation coefficients have no systematic relation to the atomic number of the material of interaction; neighbouring elements in the periodic system or even isotopes of the same element can exhibit large differences in neutron attenuation [11]. This irregular behaviour can help achieve contrast where X-rays provide similar absorption properties.



The principle of computed tomography, for both X-rays and neutrons, is that by measuring the attenuation of radiation traversing a sample at different angles, it is possible to compute volumetric data, in which an attenuation coefficient is calculated and assigned for every point in the volume. Projections are recorded over 360° by flat 2D CCD based detectors coupled with a scintillator material which converts the transmitted radiation into visible light. The most common volume reconstruction algorithms are independent of the radiation used and are well documented [35,36,37].



X-ray CT was carried out at the 3D Imaging Centre, DTU Lyngby (DK), using a Nikon XT H 225 scanner with tungsten target and applying an acceleration voltage of 200 kVp (479 μA current). White beam neutron tomography was carried out at the IMAGINE beamline [38], the cold neutron imaging facility at the Laboratoire Léon Brillouin CEA/CNRS (FR). The respective values for the instrumental set-ups are reported in Table 1. Although meteoritic iron contains cobalt as a major element, the neutron investigation caused no significant activation of the sample, and the radiation intensity fell below the safety thresholds in about 1 week. In fact, the naturally occurring Co isotope, 59Co, is characterised by a very high neutron absorption cross section σabs (σabs ≈ 82.7 barns for neutrons of 4 Å); by neutron capture 59Co transforms into radioactive 60Co, which decays to 60Ni with a half-life of T½ = 5.2714 years.


Table 1. Instrumental parameters set-ups for X-ray and neutron measurements.





	Imaging Set-up
	X-ray
	Neutron





	Pixel size (μm)
	33.1
	75.0



	Projections (n°)
	3143
	360



	Magnification
	1.32
	1



	CCD size (pixels)
	2048 × 2048
	2560 × 2160



	Field of view (mm)
	150 × 150
	100 × 100



	Source spectrum
	200 kVp (479 μA current)
	cold neutrons (peaked at ~4 Å)



	Filter
	Al, 0.250 mm thick
	none



	Rotating angle (°)
	0–360
	0–360









X-ray CT volume reconstruction was performed using the X-TEK 3D CT Pro developed by Nikon Metrology, while neutron projections were processed using the Octopus software package [39]. The reconstruction method is based on the filtered back-projection algorithm [40], considering cone-beam and parallel-beam geometry for X-ray and neutron tomography, respectively. The stacks of images obtained represent three-dimensional arrays of the linear attenuation coefficients for X-rays and neutrons. During reconstruction, the X-ray attenuation coefficients were rescaled using a linear transformation so as to correspond to mass density values, similar to the Hounsfield units commonly used in medical imaging. This calibration was possible because above 60 keV we assume that X-rays interact only by Compton scattering, which depends on electron density Ne (Ne is roughly ∝ Z). Having scaled to mass density values it is possible to identify the lithic phases and compare the attenuation coefficients to their theoretical density values. The applied scaling was verified using the iron rod sample holder, giving a mean X-rays attenuation value of 7.9 ± 0.8 g/cm3, compared with the iron density of 7.87 g/cm3. The relatively large error is partly the result of noisy projections due to scattering and the use of a polychromatic source. The same scaling procedure could not be applied to the neutron data as there is no proportionality between the neutron attenuation coefficients and the atomic number of the materials.



X-ray laboratory sources, and polychromatic neutron imaging instruments, produce beams with a continuous energy spectrum. Energy-dependent attenuations mean less energetic X-rays are more likely attenuated, or even fully absorbed, when traveling through dense materials, producing so-called beam hardening (BH) effects. These were reduced by using an aluminium filter during acquisition and by applying a BH correction pre-set provided by the reconstruction software (X-TEK 3D CT Pro).




2.3. Image Processing


X-ray CT contrast between high and low Z-dominated materials provided detail on the morphology of the impactite. This data-set was used to define vesicles and metallic spherules and perform a size variability analysis of these objects. Neutron imaging provided complementary attenuation information of the material matrix and inclusions. The combination of the two data-sets was used for the material segmentation, which was performed in Matlab.



2.3.1. Image Registration


When a single imaging method cannot provide sufficient contrast to resolve the composition of the imaged object from its histogram, it is possible to take advantage of the spatial correlations of the intensity distributions from multiple registered data-sets under different modalities. Plotting the attenuation coefficients given by the two modalities in a bivariate histogram may aid in the separation of phases with distinct compositions, forming ‘clusters’ of intensity within the bivariate histogram plot.



To achieve this, we have manually pre-aligned the two data sets (through rotations and reslice functions) in FIJI [41] and registered them (scaled and aligned on a common coordinate system) in the Statistical Parametric Mapping SPM8 software package [42] using a rigid transform and the normalised mutual information similarity metric [43,44]. Rigid body registration only allows for rotations and translations, and therefore does not deform the objects. Normalised mutual information is one of the most common image similarity metrics for multi-modal registration [45]. The X-ray data set was used as fixed volume (Reference Image) to which the neutron volume (Float Image) was co-registered. An example slice from the two datasets is shown in Figure 2, before and after the registration transformation. While the transformation applied to the Float Image does not deform the object, the difference in the appearance of the slices from the Float and the Co-Registered images is due to the fact that the transformation is applied in 3D.


Figure 2. Example of X-ray (Reference Image) and neutron slices before (Float Image) and after (Co-Registered Image) rigid body registration of the 3D volumes.
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Because of the higher resolution achieved in the X-ray scan (see Table 1), the neutron volume (float image) was up-sampled in order to match the voxel dimensions of the X-ray volume (reference image). Although this process may introduce errors (e.g., in the material segmentation), it preserves the morphological details of the sample. The resulting volume dimensions are 1072 × 1610 × 1061 voxels of 33.1 μm size, for a total volume of 3.54 × 5.33 × 3.51 cm3. The registration process allowed for voxel-wise comparison between the two data sets.



In addition, in order to simultaneously visualise both attenuation coefficients, we converted the grey scale values by merging them into false colour images, using JET and RGB colour models.




2.3.2. Materials Segmentation


Image segmentation was performed by classifying the voxels in different material classes depending on their bi-modal grey scale values. In order to focus the segmentation on the impactite only, we used the X-ray volume (see Figure 3a) to exclude air and vesicles by grouping them into the background. In doing so, all vesicles smaller than the achieved resolution contribute to a density reduction of the material in consideration. The background mask thus created was used to estimate porosity in the object (see Section 3.3.1).


Figure 3. (a) Corresponding slices (z = 673) from X-ray volume used as a starting point for the impactite mask creation; (b) Histogram of the X-ray volume with the two thresholds used for segmenting the solid material (foreground) from air (background); (c) Dual intensity thresholding model with background in white, low-density material and edges (unassigned voxels) in grey, and foreground object (representing the voxels above the second threshold) in black; (d) Final mask in black selecting impactite (foreground). X-ray attenuation values above 7.9 have been truncated for visualization purposes.
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X-ray imaging for lithic samples generally provides a high contrast between an object and voids. However, the occurrence of voxels, representing highly-vesiculated silicate-dominated volumes of materials with a low average density (see light grey areas in Figure 3a showing the negative of the attenuation, where white corresponds to no attenuation and black to high attenuation), did not allow the use of a simple threshold. The low-density, highly-vesiculated phase is in fact characterised by the same greyscale values of some of the edge voxels (gradient between the object and the empty pores) and inner vesicles.



The impactite mask was created through dual intensity thresholding (see Figure 3b), with thresholding values computed by minimising the intraclass variance [46]. Figure 3c shows, in white, the voxels below the first threshold representing the air (background), in black, the foreground object representing the voxels above the second threshold, and in grey the unassigned voxels with values in between. The unassigned voxels were treated separately by applying morphological transformations to enhance the image contrast (top-hat filter), which acted like a high-pass filter to extract the bright areas of the image. This approach allowed us to assign inner vesicles and edge voxels to the background representing air, while keeping the low-density phases in the foreground object. The resulting mask is shown in Figure 3d, where the impactite is visualised in black and the air is represented in white.



As the impactite is dominated by silicate-rich glasses, most of its voxels lie within a narrow neutron and X-ray attenuation range. Minor phases could be identified by the presence of clusters that can be visualised as local maxima by plotting the voxel counts in a logarithmic scale, as shown below in Figure 4.


Figure 4. Bi-modal histogram of neutron attenuation coefficient µ versus density, with voxel counts per bin in logarithmic scale: the plot is compared to the respective X-ray (orange) and neutron (blue) histograms. Only impactite voxels selected through the aforementioned mask are shown (see Section 2.3.2).
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Intensity-based segmentations are very effective when the object is constituted by few materials with well separated peaks in the bivariate histogram. However, overlap in distributions may lead to noisy segmentation. The noise can be alleviated by considering contextual information, utilizing the fact that short-range regions are often homogeneous. In the present analysis we performed a Markov random field (MRF) segmentation [47], a probabilistic model that takes into account the likelihood of assigning each voxel to a specific label, not only depending on its grey scale value, but also on the label assigned to the neighbouring voxels.




2.3.3. Morphology


Following segmentation, a binary mask was defined for the metallic spherules (designated class 8, see Table 2 for defining parameters) and another for the vesicles derived from the background mask described above (see white area represented in Figure 3d). Using the two binary masks we performed a connected components analysis to evaluate the distribution and size variability of the metallic spherules and vesicles. Connected components analysis is used to label voxels pertaining to the same object (or region of space), as defined by the mask. Due to the achieved spatial resolution, we only considered objects larger than 2 voxels (≈7.2 × 104 μm3). In order to calculate the size of the objects, we analysed the connected components of the two masks considering a 3D neighbourhood of 6 voxels. Since these objects are far from perfect spheres, especially the larger ones, we estimated their volume simply by the number of constituent voxels.


Table 2. Theoretical density ρ (g/cm3) and linear neutron attenuation μ (cm−1, for 4 Å neutrons) values of selected minerals (non-porous) expected in the impactite [23] and corresponding segmentation material class and attenuation ranges.





	Mineral
	Chemical Formula
	ρ (g/cm3)
	μ (4 Å) (cm−1)
	Class Colour
	Material Class
	X-ray ρ (g/cm3)
	Neutron μ (cm−1)





	Quartz
	SiO2
	2.65
	0.293
	■
	Matrix glass
	1.2–2.5
	0.04–0.60



	Magnetite
	Fe3O4
	5.17
	0.926
	■
	Iron oxides
	2.5–5.2
	0.08–0.75



	Hematite
	Fe2O3
	5.24
	0.936
	■
	Iron oxides
	2.5–5.2
	0.08–0.75



	Ilmenite
	FeTiO3
	4.79
	0.898
	■
	Iron oxides
	2.5–5.2
	0.08–0.75



	Goethite
	FeO(OH)
	4.13
	3.038
	■
	Iron oxihydroxides
	2.2–5.1
	0.58–1.45



	Troilite
	FeS
	4.61
	0.616
	■
	Fe-Ni + troilite
	4.4–6.7
	0.32–1.60



	Pyrrhotite
	Fe(1−x)S
	4.61
	0.616
	■
	Fe-Ni + troilite
	4.4–6.7
	0.32–1.60



	Kamacite
	Fe0.9Ni0.1
	7.9
	1.576
	■
	Fe-Ni spherules
	6.4–12.3
	0.33–1.68



	Taenite
	Fe0.8Ni0.2
	8.01
	1.672
	■
	Fe-Ni spherules
	6.4–12.3
	0.33–1.68



	Ferrite
	Fe
	7.89
	1.469
	■
	Fe-Ni spherules
	6.4–12.3
	0.33–1.68












3. Results


3.1. Visualisation


Impactite X-ray and neutron volumes are plotted in a bivariate histogram (see Figure 4) showing voxel-wise comparison of the attenuation values between the two modalities. This plot aids in the identification phases of defined composition. This in turn can help us consider the heterogeneity of the sample.



Corresponding slices from the registered X-ray and neutron tomography volumes are shown in Figure 5 for direct comparison, together with the voxel-to-voxel correspondence plotted in a bi-modal histogram. For a better visualization of the slices we use a colour scheme where high intensity (in bright) correspond to low attenuation. X-ray imaging provides high contrast for the metallic spherules (in black), while neutrons highlights both the spherules (mainly due to Fe, Ni and Co) and their hydrogen-containing oxidic corrosion products (mainly due to the presence of hydrogen).


Figure 5. Corresponding slices (z = 913) from a reconstructed volume of the Monteraqui impactite using (a) X-ray and (b) neutrons. High intensity (bright) correspond to low attenuation coefficients. The areas of lowest absorption correspond to voids in the impactite; (c) Bi-modal histogram relative to the selected slice. X-ray attenuation values above 7.9 g/cm3 have been truncated for visualization purposes.
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False colour images are an effective way of simultaneously visualizing images from multiple modalities; some of the possible combinations obtained using JET and RGB colour models are shown in Figure 6, alongside the respective colour map. These colour schemes provided the best combination for this particular dataset. The false colour images were used to visually identify features of interest in the impactite, such as corrosion areas (highly attenuating for neutrons but not for X-rays) surrounding some of the Fe-Ni spherules (high attenuation in both datasets). All X-ray attenuation values above 7.9 have been truncated for visualization purposes.


Figure 6. (a) RGB colourmap and (b) corresponding RGB false colour representation of slice z = 913; (c) JET colourmap and (d) corresponding JET false colour representation of slice z = 913.
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3.2. Materials Segmentation


Considering the expected mineralogical composition (based on literature, see Section 2.1) of the impactite and the clustering of the voxels as plotted in the bivariate histograms in Figure 4 and Figure 5c, we grouped the minerals in 8 materials classes, according to which we performed the segmentation. Table A1 in the Appendix A reports the mean attenuation values for each class used as starting values for the MRF segmentation.


Table A1. Density ρ (g/cm3) and linear neutron attenuation μ (cm−1) values of the materials classes used for the MRF segmentation. The values were defined by selecting representative areas in the volume and calculating the corresponding mean X-ray and neutron attenuation values.





	#
	Class Colour
	X-ray ρ [g/cm3]
	Neutron μ [cm−1]
	Material





	1
	■
	1.6
	0.27
	Matrix glass



	2
	■
	1.5
	0.73
	Matrix (high neutron attenuation µn)



	3
	■
	1.0
	0.19
	Lithic fragments



	4
	■
	0.65
	0.18
	Lithic fragments (low ρ/Z)



	5
	■
	3.5
	0.36
	Iron oxides (dominantly maghemite)



	6
	■
	3.15
	1.20
	Iron oxihydroxides (dominantly goethite)



	7
	■
	5.2
	0.80
	Fe-Ni corroded spherules or containing troilite



	8
	■
	7.8
	0.82
	Fe-Ni spherules









The X-ray and neutron attenuation ranges that the material classes cover are visualised in Figure 7. Comparisons to the theoretical density and neutron linear attenuation values of some of the expected minerals are reported Table 2. As porosity contributes to density reduction, the theoretical density and neutron attenuation of most phases are higher than the experimental ones. Because of the multiple and complex mineralogy of the lithic fragments, we did not calculate their theoretical density ρ and neutron linear attenuation values μ.


Figure 7. X-ray and neutron attenuation ranges for the different material classes identified in the impactite.
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An example of the segmentation is shown in Figure 8, where individual X-ray and neutron slices are compared. Matrix glass materials are shown in blue, lithic inclusions in shades of green, oxidic corrosion products in orange/pink, and metallic phases in shades of red. In Table 3 the volume fraction of each material class is reported.


Figure 8. (a) Segmentation example with the 8 material classes compared to the corresponding (b) X-ray and (c) neutron slices (z = 415).
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Table 3. Material classes and respective volume fraction of the solid volume of the impactite as resulted from the MRF segmentation.





	#
	Class Colour
	Material
	Volume %





	1
	■
	Matrix glass
	78.14



	2
	■
	Matrix (high neutron attenuation µn)
	0.83



	3
	■
	Lithic fragments
	13.78



	4
	■
	Lithic fragments (low ρ/Z)
	2.90



	5
	■
	Iron oxides (dominantly maghemite)
	3.16



	6
	■
	Iron oxihydroxides (dominantly goethite)
	0.89



	7
	■
	Fe-Ni corroded spherules or containing troilite
	0.19



	8
	■
	Fe-Ni spherules
	0.12










3.3. Morphology


3.3.1. Vesicles Analysis and Quantification


The connected components analysis detected 60,151 vesicles larger than 2 voxels, making up ≈7.19% of the total impactite volume. The majority of vesicles are relatively small (median value of 18 voxels, which corresponds to 6.5 × 10−4 mm3), but the size distribution is very broad, ranging up to 8 M voxels (corresponding to a volume of 0.29 cm3). For this reason, we grouped the vesicles in five different ranges of increasing size. The classes densely cover the lower-end of the size distribution, with objects larger than 5000 voxels grouped in the last category. The inclusions that fill some vesicles are not accounted for in the volume quantification.



A 3D rendering of the thus-classified vesicles is reported in Figure 9, with colour representing the five different vesicle size ranges as subdivided according to the legend. As can be seen from the 3D rendering and the horizontal cut in Figure 9, vesicles larger than 5000 voxels (pale green) make up most of the volume, while smaller objects clearly dominate in number. This is more clearly represented by the bar plots in Figure 10. This confirms that, while small-scaled pores are more frequent (see Figure 10a), almost 80% of the volume of the impactite is grouped in vesicles constituted of more than 5000 voxels. From the section it appears that the vesicles are ubiquitous within the material, yet quite unevenly distributed and particularly rare within the lithic fragments.


Figure 9. Example of vesicles distribution in the impactite: (above) 3D rendering of the dense pore structure created with Avizo software; (below) virtual cut (slice z = 415), with colour representing the 5 different vesicle size ranges as subdivided according to the legend, with n the number of voxels per vesicle. In black is outlined the edge of the impactite. Note that black lines inside the sample edge represent porosity connected to the outside.
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Figure 10. Quantification of vesicles analysis of Monturaqui impactite. (a) Vesicles size distribution and (b) total volume distribution per class.
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3.3.2. Spherules Analysis and Quantification


The connected components analysis detected 1412 Fe-Ni metallic spherules (class 8 according to Table 2), representing ≈0.12% of the impactite solid volume. Volumes of corroded or partially corroded spherules (classes 5–7 according to Table 2) are not included in the analysis as corrosion causes volume expansion and the formation of porosity. The spherules have a median size of 118 voxels (which corresponds to 4.3 × 10−3 mm3), with a size distribution ranging up to 27 k voxels (volume of 9.7 × 10−1 mm3). Similarly, to the vesicle analysis, we grouped the spherules in 5 size ranges. Figure 11 shows the 3D rendering of the five spherule classes, with detail of a transversal slice. Size distribution and volume fraction per class of spherules are shown in Figure 12.


Figure 11. Example of spherules distribution in the impactite: (above) 3D rendering of the spherules; (below) virtual cut (slice z = 418), with colour representing the 5 different size ranges as subdivided according to the legend, with n the number of voxels per spherule. In black is outlined the edge of the slice represented. Note that black lines inside the edge represent porosity connected to the outside.
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Figure 12. Quantification of spherule analysis of Monturaqui impactite. (a) Spherules size distribution and (b) total volume distribution per class, where n is the number of voxels (33.1 µm size).
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Monturaqui spherules in some studies [23,30] showed a correlation between compositional variation in Fe-Ni and size, with spherules smaller than 0.1 mm in diameter more enriched in Ni (and therefore Co) than larger ones. A diameter of approximately 0.1 mm corresponds to spherules in the first size range, with a voxel number n ≤25. This elemental variation, called fractionation, was attributed to partitioning and diffusion of Fe from the spherules into the surrounding impact glass and to selective oxidation of Fe [15,48], causing the formation of a Ni-rich rim in the spherule surrounded by a Fe-rich halo (Fe >30%) in the silicate melt [30]. Although the available resolution was not sufficient to detect such detailed features, it was possible to distinguish such spherules by the different attenuation values depending on their size.



The mean X-ray and neutron attenuation values are plotted in Figure 13 for the five spherules size classes. This indicates an unexpected correlation between size and attenuation, with larger objects being more attenuating for both X-rays and neutrons. The presence of a higher amount of Ni in smaller spheres would in fact increase their density and neutron attenuation coefficient (see values for taenite, kamacite and ferrite in Table 2). Clarification of this contradiction will require a focussed future destructive analyses guided by the imaging data.


Figure 13. Mean X-ray and neutron attenuation values and standard error for the five spherules size classes, where n is the number of voxels (33.1 µm size).
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3.3.3. Morphological Details


Lithic fragments (see Figure 14) constitute common inclusions (≈16% in volume) in the matrix and have a heterogeneous genesis and composition. Further detailed inspection of the volume data enabled us to identify otherwise hidden morphological features, such as the presence of shocked and unshocked lithic fragments, layers of corrosion covering some of the vesicles, and evaporites (see Figure 15d,e).


Figure 14. (a) Slice of the X-ray volume of the impactite showing inclusions of lithic fragments; (b) detail of the central part of the impactite showing a highly vesiculated fragment (↑), next to an unshocked fragment (↑↑); (c) close-up of a shocked lithic fragment.
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Figure 15. (a) Slice of the X-ray volume of the impactite where the green frames highlight the presence of evaporites and in the red frames show corrosion layers covering inner vesicles; (b) detail of a large vesicle covered by the corrosion layer and the residua of corroded iron spherules; (c) close-up detail of two large and three small vesicles covered by the corrosion layer; (d) close-up detail of the top-right evaporite; (e) close-up detail of the evaporite filling the large central vesicle.
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Evaporites are mineral aggregates formed by the evaporation of water. They appear as partial and similarly oriented infilling of some of the larger vesicles by angular salt crystals (see green framed inserts in Figure 15). These precipitation salts have escaped unnoticed in past studies, possibly because the salts were removed during sample preparations. Layers of oxidic corrosion products covering inner vesicles (see red framed inserts in Figure 15) are also a result of the presence of water (weathering) and are most likely due to the alteration of metallic spherules associated with the surface of some vesicles. This hypothesis is corroborated by the presence of corroded iron spherules in some pores showing this alteration layer (see Figure 15b). This finding indicates that, although water overall is scarce, it makes a significant and lasting imprint on a local scale.






4. Discussion and Conclusions


X-ray and neutron tomography are applied in a bi-modal approach for an exemplary 3D characterisation of a Monturaqui impactite. The different interactions of X-rays and neutrons with matter allowed us to exploit the complementary information of both modalities.



The two separate data sets have been registered successfully and allowed for the identification of a rich variety of phases in the sample in accordance with the literature. False colour visualisation approaches proved their efficiency for visualisation and inspection of the bi-modal volume data.



MRF segmentation of the volume, using attenuation information from both modalities, allowed the identification and separation in particular of materials which showed similar attenuation levels in single modalities. The efficiency of the bi-modal approach is demonstrated e.g., in the distinction between oxide and oxyhydroxides, and the detection of a low-density phase in the matrix characterised by high neutron attenuation.



Most of the object is found to be composed of low-density phases with overlapping attenuation distributions. Yet some classification uncertainty remains as materials listed as general “silica matrix” and “lithic fragments” could not be further classified. Despite the complementary radiation utilized, sub-resolution porosity cannot be analysed. Identical grey levels could either be associated with differences in porosity or differences in composition, but this cannot be distinguished by the bi-modal data.



The metallic content was quantified as 0.12% of the volume, distributed among 1412 spherules—a much lower amount than reported in the literature (~4.6%) [30]. This could be partly due to the fact that we excluded the partially corroded particles and the related corrosion products as they generally involve volume expansion. By including these, the total metal phases accounts for 4.36% of the volume, in line with values from the literature [30].



Analyses resulted in detailed data on the morphology of the impactite, and on the distribution and size variability of vesicles. We identified 60,151 vesicles, constituting ≈7.2% of the total impactite volume. The porosity size range is very large, and small sized structures (below 25 voxels, 9.07 × 10−4 mm3) are dominant in number, but not in volume.



In comparison to previous investigations using polished sections [23], the numbers of different types of objects identified (e.g., 60,151 vesicles and 1412 metal spherules) are orders of magnitudes higher, increasing the trustworthiness of trends in the data.



Hydrogen containing phases, such as iron corrosion products from the weathering of metallic spherules, could be clearly identified. However, extensive alteration of the metallic parts (and therefore the high, incoherent scattering due to hydrogen) hindered the identification of variations of trace elements such as Cu, Re, Ir, Pt, Au, and Co, which in principle provide high contrast in neutron imaging. These trace elements may be better detected in non-altered (hydrogen-free) impactite samples.



Contrary to results reported in past studies [23,30], the attempted identification of kamacite (5–10% Ni) and taenite (20–74% Ni) appeared to reveal that larger spherules are characterised by a higher Ni content. This could be due to Ni-rich spherules being more resistant to corrosion and therefore remaining larger. Alternatively, the results might be biased by image artefacts due to the depletion of radiation across larger particles, especially in the case of X-rays—though less for neutrons. Clarification of this discrepancy might require a focussed destructive investigation guided by the presented data.



Rare, micron sized precipitation of salt crystals in miniaturized structures akin to evaporites have been detected. These weathering products have escaped unnoticed in previous studies, possibly because the salts were removed during sample preparations.



We conclude that bi-modal imaging can provide a wealth of information on multi-phase objects, such as impactites, non-destructively and is hence highly suited in particular for initial studies which preserve the specimen for further potentially destructive studies, if still required. The rich imaging data can also guide further studies in order to keep destruction to a minimum and maximise focussed information extraction. A wide range of exemplary analytical and visualisation tools have been demonstrated successfully for use in such volumetric studies.
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Appendix A


Slice z = 415.
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Figure A1. Impactite corresponding slices for z = 415. (a) X-ray volume; (b) neutron volume; (c) RGB false colour representation; (d) JET false colour representation; (e) mask selecting the impactite (foreground); (f) MRF segmentation; (g) vesicle distribution of the impactite. 






Figure A1. Impactite corresponding slices for z = 415. (a) X-ray volume; (b) neutron volume; (c) RGB false colour representation; (d) JET false colour representation; (e) mask selecting the impactite (foreground); (f) MRF segmentation; (g) vesicle distribution of the impactite.
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Slice z = 673.
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Figure A2. Impactite corresponding slices for z = 673. (a) X-ray volume; (b) neutron volume; (c) RGB false colour representation; (d) JET false colour representation; (e) mask selecting the impactite (foreground); (f) MRF segmentation; (g) vesicle distribution of the impactite. 






Figure A2. Impactite corresponding slices for z = 673. (a) X-ray volume; (b) neutron volume; (c) RGB false colour representation; (d) JET false colour representation; (e) mask selecting the impactite (foreground); (f) MRF segmentation; (g) vesicle distribution of the impactite.
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Slice z = 913.
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Figure A3. Impactite corresponding slices for z = 913. (a) X-ray volume; (b) neutron volume; (c) RGB false colour representation; (d) JET false colour representation; (e) mask selecting the impactite (foreground); (f) MRF segmentation; (g) vesicle distribution of the impactite. 






Figure A3. Impactite corresponding slices for z = 913. (a) X-ray volume; (b) neutron volume; (c) RGB false colour representation; (d) JET false colour representation; (e) mask selecting the impactite (foreground); (f) MRF segmentation; (g) vesicle distribution of the impactite.
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