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ABSTRACT 9 

X-ray computed microtomography (CT) of impact rock varieties from the Kara astrobleme is 10 

used to test the method's ability to identify morphology and distribution of the rock components. 11 

Three types of  suevitic breccias, clast-poor melt rock, and a melt clast from a suevite were 12 

studied with a spatial resolution of 24 µm to assess CT data values of 3D structure and 13 

components of the impactites. The purpose is first to reconstruct pore space, morphology and 14 

distribution of all distinguishable crystallized melt, clastic components and carbon products of 15 

impact metamorphism, including the impact glasses, after-coal diamonds, and other carbon 16 

phases. Second, the data is applied to analyse the morphology and distribution of aluminosilicate 17 

and sulfide components in the melt and suevitic breccias. The technical limitations of the CT 18 

measurements applied to the Kara impactites are discussed. Because of the similar chemical 19 

composition of the aluminosilicate matrix, glasses, and some lithic and crystal clasts, these 20 

components are hard to distinguish in tomograms. The carbonaceous matter has CT data value 21 

close to air, so the pores and carbonaceous inclusions appear similar. However, X-ray 22 

microtomography could be used to evidence the differences between the studied types of suevites 23 

from the Kara astrobleme using structural-textural features of the whole rock, porosity and the 24 

distributions of carbonates and sulfides. 25 
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 29 

INTRODUCTION 30 

Shock metamorphism in large impact structures  is one of the important processes 31 

significantly affecting regional geology and mineral deposits formation. Approximately 190 32 

impact craters on the Earth's surface are known (Schmieder and Kring, 2020; Earth Impact 33 

Database). Impactites are the products of meteorite impact events. Their general specifics and 34 

systematics have been described in numerous works (Stöffler and Grieve, 2007; Stöffler 2017; 35 

Osinski and Pierazzo 2013; French 1998; French and Koeberl, 2010; Masaitis et al. 1998 et al.). 36 

Impactites are divided into three groups: shocked rocks (non-brecciated, melt-free), impact melt 37 

rocks (clast-free, clast-poor and clast-rich), and impact breccias (lithic breccias and suevites; the 38 

latter contain lithic and melt clasts). The particulars of impactite formation are determined by 39 

numerous factors of the falling meteoritic bodies and by the compositions of target rocks. The 40 

Kara astrobleme is one of the largest astroblemes known on land, formed on a sedimentary target 41 

approximately 70 Ma ago (Machshak 1991; Masaitis et al. 1998; Koeberl et al. 1990; Trieloff et 42 

al. 1998; Masaitis 1999). The astrobleme is characterized by high concentrations of unusual after-43 

coal diamonds and diamond pseudomorphs of organic relicts ("diamond fossils"; Shumilova et al. 44 

2018; 2019b). One of the poorly studied aspects of this object is the diversity and structure of 45 

impactites, as well as the distribution and nature of diamond concentration levels. Among the 46 

impactites at the Kara astrobleme, clast-poor melt rocks form several layer-like bodies, some 47 

dykes and some vein glass bodies (Shumilova et al., 2020). The suevites are very widely 48 

distributed and have been divided into three types according to geological, morphological, and 49 

structural characteristics (Shumilova et al., 2019a). These types presumably formed from 50 
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different target substrates: type I suevites – predominantly silicate substrate; type II – mainly 51 

carbonate substrate; and type III – mainly carbonaceous deposits (Shumilova et al. 2019). In 52 

addition, one of the most interesting varieties of the impactites in this astrobleme is that the 53 

impact melt rock has close spatial and genetic relationships with the type I suevites. In this 54 

regard, the assessment of the volumetric distribution of structural components in the varieties of 55 

clastic and melt impactites of the Kara astrobleme is very important. X-ray computed 56 

microtomography (CT) is one of the potentially promising methods for studying this type of 57 

shocked-generated complicated rock. In this study, the CT method was used to analyze the 3D 58 

structure of the impactites and attempt to estimate the distribution of impact diamonds within 59 

suevites, clast-poor melt rocks and melt clasts within suevites. 60 

X-ray computed tomography is a non-destructive method for internal structure studies that was 61 

proposed by Godfrey Hounsfield and Allan Cormac (Hounsfield 1973). Over the past decades, 62 

this method has been proven in many branches of science, including geology (e.g. Wellington, 63 

Vinegar, 1987; Shtyrlyaeva et al. 2016). The method has been actively used in the study of 64 

planetary materials, meteorites, and space body testing products (e.g., Hanna & Ketcham 2017; 65 

Rubin et al. 2001; Russell and Howard 2013; Tsuchiyama et al. 2002; Uesugi et al. 2010, 2013). 66 

At the same time, the features of applying X-ray computed tomography to impactites, including 67 

breccia varieties, are not clear and remain relatively poorly considered in the literature. The 68 

exceptions are the studies by Koeberl et al. (2002) who described the internal structure of 69 

impactites from the craters of Bosumtwi (Ghana) and Ries (Germany), as well as the tektites of 70 

Muong Nong (Thailand). The purpose of the present work was to test the applicability of X-ray 71 

computed microtomography for the study of the 3D structure of suevite varieties, melt clast 72 

varieties in suevites, and clast-poor impact melt rocks of the Kara astrobleme. The three 73 

objectives were to: i) Assess attenuation coefficients (radiodensities) of the components of the 74 

suevites and melt rocks of the Kara astrobleme; ii) Reconstruct pore space, morphology and 75 
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distribution of all distinguishable melt, clast components and carbon products of impact 76 

metamorphism, including the quantity and distribution of impact glasses, after-coal diamonds, 77 

and other carbon phases; and iii) Analyse the morphology and distribution of aluminosilicate and 78 

sulfide components of melt and clastic impactites. 79 

 80 

MATERIAL 81 

During field works in 2015 and 2017, we sampled melt rocks and suevites extensively on the 82 

territory of the giant diamondiferous Kara astrobleme (Pay-Khoy, Russia), from natural outcrops 83 

within the marginal part of the impact crater to the canyon of the middle course of the Anaroga 84 

River and outcrops on the Kara, Sopchayu, and Putyu Rivers. Five samples of the most 85 

representative varieties of impactites, namely three types of suevites (Shumilova et al. 2019a), 86 

impact melt rocks, and a clastic melt fragment from the type II suevites were selected for our 87 

microtomographic study (Table 1). 88 

The studied samples have been described earlier (Shumilova et al. 2019a; Shumilova et al. 89 

2018; Golubev et al. 2018), and their characteristics are summarized in Table 1. The suevite I 90 

samples consist of melt-bearing breccia, containing more than 10–60 volume % of bombs and 91 

debris of impact glass (vitroclasts). The other components are fragments of rocks (lithoclasts) and 92 

minerals (crystal-clasts) from the target in different proportions, as well as fine-grained matrix, 93 

dispersed among the clasts (Masaitis 1998). The suevite II samples, in contrast to the suevite I, 94 

are characterized by higher content of limestone debris and predominantly carbonate cement; the 95 

suevite III samples are enriched in carbonaceous matter.  These rocks differ significantly from 96 

one another in their geomorphological features in outcrops, structural-textural and material 97 

characteristics, colour and porosity as identified in the field conditions in 2015 (Shumilova et al. 98 

2019a). The impact melt rock is either a massive or pore impactite, quenched from silicate impact 99 

melt and consisting of a glassy, hemi- or holocrystalline matrix, usually comprising 10–15 % 100 
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(rarer up to 30 %) of fragments of rocks and minerals that show signs of impact metamorphism 101 

and interaction with the melt (Masaitis 1998). The degree of impact melt crystallization was 102 

determined by X-ray diffraction (Isaenko et al. 2018). 103 

The suevite varieties of the Kara astrobleme have similar chemical composition (Shumilova et 104 

al., 2019a) but differ significantly in terms of lithology of lithoclasts (Maksimenko et al. 2018). 105 

The lithoclasts in the suevites are characterized by sandstones, siltstones, shales, carbonate rocks, 106 

and products of various degrees of their mechanical and thermal alteration, including vitroclasts 107 

(Isaenko et al. 2018; Maksimenko et al. 2018). 108 

 109 

METHODS AND EQUIPMENT 110 

The samples were cut to cylindrical shape with sizes of approximately 4 cm diameter by 4 cm 111 

height. Mineral samples (graphite, quartz, and calcite) were used as radiodensity “standards” for 112 

comparison to the impactite components. The samples were oriented so that the axis of the 113 

cylinder was perpendicular to the X-ray beam. Tomographic studies were performed using a 114 

SkyScan 1173 (Bruker) microtomograph with a Hamamatsu 130/300 microfocus X-ray source, 115 

and analytical work was performed at St. Petersburg Mining University (St. Petersburg, Russia). 116 

Samples were studied with a lead-containing glass filter at an accelerating voltage of 120 kV and 117 

a source current of 66 μA according to the procedure developed earlier (Shtyrlyaeva and 118 

Zhuravlev, 2016). The mean energy of the X-ray radiation after filtering was about 90 KeV. The 119 

exposure time per projection was 1.05 seconds, 1200 projections were made on the rock sample. 120 

After X-ray computed microtomography (CT) data collection, the examined samples were cut 121 

in half for visual examination and comparison of the tomographic sections with the 122 

corresponding surfaces of mechanical sections by optical microscopy, as well as for diagnosis of 123 

individual components by Raman spectroscopy. Smaller fragments of the samples were examined 124 

by scanning electron microscopy and microprobe analysis with a VEGA 3 TESCAN scanning 125 
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electron microscope (Tescan, Czech Republic) accompanied by a VEGA 3LMN, INCA 126 

ENERGY 450 energy dispersive detector for chemical composition control and morphological 127 

details (at the Institute of Geology of Komi SC UB RAS, Syktyvkar, Russia). Optical 128 

observations were made with a POLAM P-312 (LOMO) combined polarization microscope, and 129 

Raman spectra were obtained by a Raman spectrometer (LabRamHR-800, Horiba Yuvon Jobin) 130 

at the Geoscience Center for Collective Use at the Institute of Geology of FRS Komi SC UB 131 

RAS (Syktyvkar). Spectra registration parameters were as follows: He-Ne laser (λ = 632.8 nm), 132 

power 2 mWt, a spectrometer grade 600, confocal hole size – 300 μm, spectral hole - 100 μm, 133 

objective magnification × 50, accumulation time for a signal – 3 seconds, 5 counts for a spectrum 134 

section. The spectra were recorded at room temperature with 1 µm spatial and 1 cm-1 spectral 135 

resolutions. 136 

Computed tomography data sets were reconstructed using a NRecon (Bruker) software with 137 

correction for beam hardening and removing ring artefacts (software configuration applied: beam 138 

hardening correction = 41 %, ring artefact correction = 20). The voxel size of the tomograms is 139 

25 µm. The computed tomography data values (CT data values) were used for subsequent data 140 

analyses.  The CT data values are considered as an apparent proxy for the true mineral 141 

attenuation coefficient. CT data were visualized and analyzed with specialized software 142 

(DataViewer and CTvox, Bruker). 143 

First, we chose a relatively low resolution of the tomograms (µm) to analyze rather large 144 

samples, which technically cannot be studied using nano-tomography. Second, the use of 145 

nanometer resolution for the tomograms of these samples significantly reduced their field of 146 

view. This action, given the very complex structural-textural and compositional specialization of 147 

the impactites, resulted in the loss of representativeness of a single sample, which was technically 148 

difficult and very time-consuming and did not present a reliable representation of the studied 149 

objects. 150 
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For comparison, porosity was determined by the difference in the weights of dry and water-151 

saturated samples, multiplied by the density of the water. The water was infiltrated in the sample 152 

at atmospheric pressure through draining from open pores. The required value of porosity is 153 

calculated by the ratio of pores volume to the sample’s volume (I.A. Preobrazhensky`s method 154 

(Ivanov et al. 2008)). 155 

The protocol of the performed studies was generally as follows: 156 

1 - On the basis of the reference section (in this case, the central section of the tomogram), CT 157 

data values profiling of the tomogram was performed for the most typical objects that had high 158 

constrast; 159 

2 - Objects on the tomogram were classified by building a multimodal histogram according to 160 

the profiling data obtained at the previous stage; 161 

3 - Pore space was reconstructed by global threshold binarization (segmentation) with a CT 162 

data values ranging from 0 to X for each section of the tomogram, where X is the maximum CT 163 

data value for the pore space, determined by the results of profiling (it varies insignificantly 164 

between the studied impactites); 165 

4 - The morphology of the clast components of suevite was reconstructed by applying a 166 

median filter with a radius of 20 pixels (500 µm) to each section for noise reduction, followed by 167 

applying a modified (multilevel) algorithm (Ping-Sung Liao et al. 2001) of the Nobuyuki Otsu 168 

threshold binarization (Otsu 1979) based on the Yasunari Tosa open source software. The choice 169 

of the radius of the median filtering applies to the maximum size of inhomogeneity of the 170 

reconstructed suevite fragments; 171 

5 - The morphology of the sulfide component was reconstructed using a global threshold 172 

binarization with a CT data value range determined from the results of the profiling. All 173 

binarization and reconstruction operations were performed at 8-bit CT data values. 174 

 175 
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RESULTS 176 

X-ray tomography artefacts in impactites 177 

During imaging and subsequent computer processing of shadow projections, a number of 178 

effects arise, both physical and computational, resulting in various artefacts on the tomograms 179 

(Hanna et al. 2017; De Man et al. 1999; Hsieh 2009; Ketcham 2006; Krumm 2006). A significant 180 

portion of these effects is compensated by computational algorithms and imaging techniques, 181 

including filters and imaging conditions. Unfortunately, complete compensation was not 182 

achieved; therefore, two types of artefacts were observed on the examined tomograms of the 183 

suevites, which extent affect the results of the subsequent processing. 184 

Figure 1a, b shows artefacts expressed by an apparent increase in the CT data value on the 185 

interface of contrasting media. The artefact is caused by poly-chromaticity of the X-ray radiation 186 

used. The effect can be reduced by choosing the analyzed volume inside the sample. 187 

Because the standards were set on top of the samples, artefacts of several types appeared on 188 

the tomograms of the samples. In Figure 2, the area labelled S2 has an artifact resulting from 189 

significantly different attenuation coefficients of the media (aluminosilicate solid body and air); 190 

that of S3 was due to an effect similar to the previous one; and that of S4 was caused by a 191 

cylindrical plume of apparent decrease in the attenuation coefficient propagating from the 192 

standard which has a high attenuation coefficient (in this case, calcite) towards the center of the 193 

sample, and enhanced by the features of the reconstruction algorithm. 194 

 195 

Mineral reference specimens 196 

Three homogenous mineral specimens (graphite, quartz, and calcite) were scanned together 197 

with the samples of the suevites. These specimens were used as reference materials (standards) 198 

for CT data value calibration of the images. On a multimodal histogram demonstrating the 199 

distribution of the attenuation coefficients (Fig. 3), these mineral standards are clearly divided 200 
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into three classes by the CT data value intervals as follows: graphite – from 0.017 to 0.028, 201 

quartz – from 0.082 to 0.102, and calcite – from 0.136 to 0.184 1/mm. Since these ranges do not 202 

overlap, these minerals can be easily distinguished on a tomogram. This means that if a sample is 203 

represented by only these minerals, they should be distinguishable on the tomograms under 204 

specified conditions of acquisition of computed tomography data. 205 

However, natural objects are much more complicated in their structural and chemical structure 206 

than the standards. At this stage, it became clear that the task of determining the spatial 207 

distribution of carbonaceous matter in the suevites and melt-bearing impactites could not be 208 

accomplished under the given imaging conditions because the distribution of the CT data values 209 

of graphite essentially overlap with that of the CT data values of pore space (Fig. 3). Therefore, 210 

the carbon particles in this case cannot be identified due to the substantial porosity of the studied 211 

impactites. 212 

Determining the distribution of the components on X-ray tomograms depends mainly on the 213 

attenuation coefficients of the materials (Fig. 4). According to the data from silicate rock analysis 214 

and energy dispersive spectral analysis, the suevites and melt rocks of the Kara astrobleme are 215 

mainly represented by an aluminosilicate component with admixtures of silicate, carbonate, and 216 

sulfide components (Shumilova et al., 2018b). To supplement the specifics of previously 217 

identified varieties of suevites, we determined the nature of the distribution of each of these 218 

components, which primarily depended on the phase contrast on the tomograms. 219 

 220 

Suevites 221 

The suevites are chemically represented by aluminosilicates and silicates containing carbonate 222 

and carbonaceous inclusions. The suevite sample Kr-135 (type III suevite) represents impact 223 

breccia. The CT data values were profiled for the suevite matrix, debris in suevites, melt rock 224 

matrix, and pore space (Fig. 6a). Based on these profiling data, we designed a series of 225 
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multimodal histograms for several matrix measurements (Fig. 6b) as well as for the clast 226 

component (Fig. 6c). On the histogram of the matrix measurements, the modes are seen to have 227 

almost the same parameters, with the exception of a small deviation apparently caused by the 228 

profile crossing strongly porous altered aluminosilicate melt fragment (L1 on Fig. 6). 229 

The histogram of the clast components has significant interclass overlap, which is caused by 230 

the similarity in the chemical compositions of mineral components composing lithologically 231 

different debris of the target rocks. At this stage, this interclass overlap makes distinguishing the 232 

clastic components impossible because the clast components of the suevites are heterogeneous. 233 

This is shown in Figure 6d, a histogram showing a significant interclass overlap of the 234 

attenuation coefficients for the matrix, clast components, and pores. This feature greatly 235 

complicates the reconstruction of the morphology of the clast components, which casts doubt on 236 

their separation by the usual sampling from the voxel matrix of the tomogram. 237 

Distribution of the pores and aluminosilicate, carbonate, and sulfide components were 238 

reconstructed by a global sampling of the voxel matrix of tomograms based on local CT data 239 

values using measurements of the mineral “standards”. As a result, the visualization of 240 

component data in space at a qualitative level was obtained (Fig. 7). 241 

Reconstruction of the pore space and carbonaceous material is a non-trivial task since artefacts 242 

appear during imaging (Fig. 1), which prevents further work with the porosity model 243 

(Shtyrlyaeva et al., 2016). Pore space and carbon matter appearing similarly in the tomograms, it 244 

is impossible to distinguish the carbon material, compounded by its small particle sizes. This 245 

includes microdiamonds with overage size about 30-50 µm, i.e. very close to the resolution size 246 

of the used CT. However, for the purpose of identifying pore space, applying the criterion for 247 

selecting values of the CT data in the range from 0.01 to 0.02 1/cm is sufficient according to the 248 

profiling data. We designed the reconstruction of the pore space in samples of three types of 249 

suevites (Fig. 7). In the Kr-232 sample (type I suevite), the pore space is distributed almost 250 
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uniformly, with the tomogram displaying areas of severe fracturing. Additionally, this type is 251 

characterized by the presence of flow patterns that are visually distinguishable but do not appear 252 

on the tomograms. In sample Kr-61 (type II), the porosity is non-uniformly distributed and absent 253 

in fragments with carbonate. Suevite Kr-135 (type III) is characterized by the highest porosity. 254 

The carbonate component of the suevites of the Kara astrobleme differs significantly from the 255 

aluminosilicate component. The former is localized mainly within the clastic part. The diffused 256 

form of carbonate is also irregularly distributed over the entire volume of the matrix of suevite 257 

and melt rock. It is notable that an apparent decrease in attenuation coefficients (“shadow” 258 

artefact, Fig. 2) occurs at the border of the sulfide component and the matrix of the suevite. The 259 

“shadows” indicate CT data values close to those of carbonates. Consequently, this effect led to 260 

adding a false additional volume to the reconstruction of the carbonate component.  261 

The application to the tomogram sections of a median filter with multilevel segmentation 262 

using Otsu’s criterion allows to partially minimize the problem of heterogeneity of the clast 263 

component in the CT data values. However, some fragments with CT data values close to those 264 

of the matrix, especially those with sizes of less than the window of the median filter, are lost 265 

during the reconstruction. Therefore, the determination of the morphometric characteristics of the 266 

clast component of the suevites is not carried out in this paper. 267 

 268 

Clast-poor melt rock 269 

The clast-poor melt rock (sample Kr-72) is characterized by an homogenous chemical 270 

composition with some local differentiation of impact melt. The X-ray tomogram of a melt rock 271 

sample emphasizes the nature of its melt formation (Fig. 8a). Small areas of increased CT data 272 

value are likely related to partially melted zones of target rock fragments. The pore space in the 273 

melt rock (Fig. 8b) is characterized by an irregular distribution, with the formation of empty 274 

“clusters” up to 5 mm in size. 275 
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 276 

Melt fragment from suevite 277 

Apart from lithic clasts, melt fragments are common in suevite. The studied melt clast (sample 278 

Kr-41) of aluminosilicate composition in suevite is a fragment of target rock after significant 279 

thermal overprint with almost complete melting. On the tomogram (Fig. 9) of the melt fragment, 280 

flow texture is evidenced by the distribution of two contrasting phases – aluminosilicate and pore 281 

space (Fig. 9b). Note that by the obtained attenuation CT map well corresponds to the natural 282 

color map in the sample. A study of the two phases by Raman spectrometry shows that one phase 283 

is of anatase-orthoclase (Fig. 10a) composition while the other is carbon (Fig. 10). Two lines are 284 

clearly distinguished in the Raman spectra: 143 cm-1 (anatase, Fig, 10d)) and 515 cm-1 
285 

(orthoclase, Fig. 10c). In the main orthoclase phase of the crystallized impact melt, the optically 286 

distinguishable particles of the carbon substance are uniformly distributed. This carbon substance 287 

has a similar Raman spectra to the standard of glass-like carbon (Fig. 10f) with a D band at 1330 288 

cm-1 with the full width at half maximum (FWHM)=95 cm -1, a G band at 1601 cm -1 with 289 

FWHM=60 cm -1 and second-order bands at 2643, 2912, and 3184 cm -1. The sizes of carbon 290 

particles are 2–7 µm, i.e. several times smaller than the used resolution of the X-ray tomography 291 

(24 µm). 292 

Figure 11 shows element maps of melt clast Kr-41, indicating a uniform distribution of the 293 

elements and the presence of many pores filled by thin crusts of SiO2 and smectite. This image 294 

shows a large number of pores of different size, including small pores of a few µm. In addition, 295 

the image shows regions containing various content of carbon matter (CR and CP fields). 296 

 297 

Carbonaceous substance. Due to the low X-ray attenuation of carbon substances, close to 298 

those of pores (i.e., to air), to their small particle sizes (approximately 50 µm or less), and to the 299 
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relatively high contrast of the enclosing matrix with a relatively high density, visualizing the 300 

carbonaceous substance in the impactite by X-ray tomography would seem impossible. 301 

However, if the X-ray tomography data is accompanied by the additional information, the 302 

partial analysis of the distribution of carbon particles in the studied melt fragment from suevite II 303 

(sample Kr-41) is possible. According to optical observations and Raman spectroscopic data, the 304 

aluminosilicate matrix in the optically grey areas of the sample contains uniformly scattered 305 

carbon particles, which spectroscopically correspond to glass-like carbon (Fig. 10c) (Ferrari and 306 

Robertson 2004; Isaenko et al. 2018a, 2018b). Moreover, the grey areas with carbon exhibit 307 

significantly reduced CT data values compared with the light zones of anatase-orthoclase 308 

composition (Fig. 9b). Therefore, the uniformly distributed particles of carbonaceous substance 309 

(glass-like carbon) 2–7 µm in size, accounting for approximately a few percent in concentration, 310 

and using an X-ray tomography resolution of 24 µm, allows to reduce the resulting CT data value 311 

of the aluminosilicate matrix. In conclusion, X-ray tomography (Fig. 9) combined with Raman 312 

spectroscopy (Fig. 10) and optical observations allows the determination of the distribution of 313 

glass-like carbon, a product of the impact transformation of a carbonaceous substance in a 314 

crystallized impact melt. We have determined that fine carbonaceous particles are scattered rather 315 

regularly in the grey zones of the melt fragment and arranged according to the texture of the 316 

solidified melt flow. 317 

 318 

Pore space. Generally, the reconstructed pore space of the studied impactites differs in the 319 

varieties of suevites and melt rock in quantity, size, and degree of porosity. Quantitative data 320 

obtained on the porosity of the three types of suevites according to tomography and to I.A. 321 

Preobrazhensky`s method (Ivanov et al. 2008) are very different; e.g., they differ by 3.5 times for 322 

suevite type III (Table 2, sample Kr-41). On the other hand, the data on spatial reconstruction of 323 
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the pore space and/or carbon substance (Fig. 7 d-f) fairly well reflect the distribution of voids in 324 

different suevites according to their genetic specificity. 325 

Suevite type I is characterized by a “vein-like” distribution of the thinnest pores. In suevite II, 326 

the pores are usually quite large and confined to the boundaries of clasts. Suevite type III has the 327 

highest porosity with different sizes of voids that occur in the matrix and inside the fragments 328 

(Fig. 11). However, due to the overlapping of the fields of CT data values of carbon particles and 329 

void space, separating these phases on tomograms is impossible, and all we see is a reconstructed 330 

summed image. 331 

During X-ray tomography of the suevites from the Kara astrobleme, we encountered problems 332 

at the segmentation stage caused by the following factors: homogeneity of the chemical 333 

composition of the studied samples; low spatial resolution of tomograms relative to the studied 334 

objects; and the presence of artefacts on the tomograms. 335 

 336 

DISCUSSION 337 

The method of X-ray computed microtomography allows to obtain reliable information on the 338 

structural and textural characteristics and material compositions of the three types of impactites in 339 

the Kara astrobleme and is promising for studying the different phases and rock structural 340 

features of other impactites.  341 

The data obtained from the X-ray computed microtomography of suevite varieties (Figs. 7) 342 

clearly indicate that the originally proposed genetic specificity of the studied varieties in the Kara 343 

astrobleme is reflected on the tomograms by the degree of contrast and the nature of the clast 344 

component and the matrix. At the same time, the contrast in CT data values of melt rock appear 345 

only between the aluminosilicate matrix and the pore spaces and/or carbon substances, sulfides, 346 

and iron oxides. The structure of the matrix of the melt rock has a low contrast, which is caused 347 

by weak differentiation of the impact melt; consequently, the composition is homogeneous. This 348 
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microcrystalline structure is the result of rapid crystallization, resulting in the silicate mineral 349 

phases having sizes below the spatial resolution of the tomograms. Additionally, completely 350 

melted relicts of target rocks show weak contrast and their outlines are optically poorly visible 351 

and are almost completely lost in X-ray images (Fig. 8). Crystallized impact melts and 352 

amorphous glasses, with almost the same elemental composition and cryptocrystalline structure 353 

(Fig. 11), are also indistinguishable on the tomograms. 354 

The schlieren texture, which results from the differentiation and solidification of the impact 355 

melt during its movement, characterizes the melt clastogenic fragment from suevite I. The 356 

presence of micro-sized particles of glass-like carbon (2-7 µm – less than the tomogram 357 

resolution) in the matrix complicates the process of reconstructing mineral phases since the small 358 

particle size and low spatial resolution of the tomograms cause underestimation of the attenuation 359 

of the anorthite-orthoclase matrix containing these particles. However, this effect can be 360 

qualitatively used to determine the concentration of carbon particles in samples of similar type. 361 

Additionally, it is notable that the pore space in the melt clastogenic fragment (Fig. 9c) does not 362 

follow the flow pattern (Fig. 9a), which might indicate that pores formed in the melt when it was 363 

solidifying during stagnation. 364 

The porosity is reconstructed quite well in tomograms; however, its quantitative determination 365 

for the studied impactites is distorted. The quantitative characteristics of porosity of the three 366 

types of suevites vary greatly, as determined by tomogram reconstruction using X-ray 367 

tomography data and I.А. Preobrazhensky’s method (Table 2). This could be caused by the 368 

numerous pores in the suevites having a smaller size (Fig. 11) than the spatial resolution of the 369 

tomograms (24 µm). 370 

As a first result of our study of a clastogenic melt fragment and clast-poor impact melt rock 371 

from the Kara astrobleme, we clarify the following features regarding application of the X-ray 372 

computed microtomography. 373 
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On the tomograms of the studied suevites, we observe a weak contrast in the CT data values of 374 

the aluminosilicate matrix of the suevite type I to the litho- and crystal-clasts, which is related to 375 

their similar chemical compositions. In the suevites types II and III, the contrast on the 376 

tomograms is more pronounced due to the significantly more diverse composition of the 377 

components. 378 

The X-ray computed microtomography of the melt rock from the Kara astrobleme is 379 

characterized by low X-ray contrast in the CT data due to the compositional homogeneity of the 380 

melt, a consequence of the similar chemical composition of the target lithological components. 381 

Analysis of the phase contrast of the impactite components on the tomograms shows that the 382 

impact glasses (fine-grained particles) in the suevite matrix do not differ due to their low CT data 383 

value contrast in respect to aluminosilicates and silicates of the enclosing material. The carbonate 384 

component is quite well recognized, depending on the type of impactite, and it has a different 385 

content and distribution compared to the silicates. Sulfides are also clearly distinguished. The 386 

reconstructed characteristics of porosity in both the clast-poor impact melt rock and clastogenic 387 

impact melt fragment can be observed by this method, but under the used conditions for the X-388 

ray tomograms record, these features are greatly weakened due to the relatively low spatial 389 

resolution of the tomograms and the presence of porosity smaller than the threshold resolution of 390 

the applied microtomography in the melt elements. 391 

As a second result of our study, the X-ray tomographic method allows clarification of the 392 

difference between the studied types of suevites from the Kara astrobleme by 3D structural rock 393 

features, porosity and the distributions of carbonate and sulfides.  394 

It is widely known that impactites can be affected by post-impact hydrothermal alteration 395 

(Naumov, 2002, 2005; Osinski et al, 2013; Kring et al., 2020; Pirajno, 2005 and others). The X-396 

ray tomograms could be expected to provide 3D spatial information on the alteration character. 397 

According to Naumov (2005), two different types of post-impact hydrothermal alteration can 398 
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occur in peripheral impactites – autometasomatism and circulating solutions with hydrothermal 399 

mineralization. The latter is characterized by vein bodies with pyrite, calcite, and analcime 400 

(Naumov, 2002).  401 

In the peripheral Kara impactites studied here, located in the southern part of the astrobleme, 402 

hydrothermal alteration is present as little altered suevites and melt bodies, with probable 403 

autometasomatic alteration by calcite and pyrite redeposition within the water-rich and porous 404 

suevites. The post-impact hydrothermal veins are rare within the suevites and have thicknesses of 405 

30-50 cm. Here, we did not studied the vein hydrothermal mineralization, but targeted all the 406 

structural-textural composition of the Kara impactites prior to hydrothermal alteration.  407 

Within the impact melt occurrences at the studied region of the Kara astrobleme, hydrothermal 408 

alteration generated smectite within their pore space, as observed by SEM (Shumilova et al, 409 

2020). This smectite may not be related to autometasomatic alteration, but to general melt rock 410 

solidification with minerals formation during impact melt cooling – crystallization (Osinski et al., 411 

2013). Shumilova et al. (2020) proposed that the smectite that has been found within the 412 

ultrahigh-pressure high temperature impact melt vein glasses containing melt-crystallized single-413 

crystalline coesite (Shumilova et al, 2020). Origin of the smectite is beyond the scope of this 414 

paper. Finally, our X-ray tomography data did not evidence any hydrothermal alteration by any 415 

specific minerals distribution, probably due to autometasomatic character of carbonate 416 

redeposition within the studied suevites and the level of the X-ray microtomography resolution. 417 

The clay alteration was not distinguished in this work due to low clay content and low X-ray 418 

contrast within the original host mineralization. 419 

In summary, the provided CT data demonstrate that CT microtomography can be used for the 420 

3D-petrology study of impactites for their general structural and textural characteristics and for 421 

their breccia clasts characteristics. The technical limitations as applied to the Kara breccia and 422 
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melt impactites are explained by lithic components having low compositional contrast for X-ray 423 

mapping and sizes below the microtomography resolution limits.  424 

 425 

IMPLICATIONS 426 

The obtained data demonstrate that the method of X-ray computed microtomography has 427 

some limitations for the study of the Kara impactites. These are due to the weakly contrasting X-428 

ray absorption of the impactites mineral components with similar chemical composition and to 429 

the resolution of microtomography applied to slightly differentiated cryptocrystalline systems 430 

formed as a result of rapid crystallization from an impact melt. Considering the specific nature of 431 

the target rocks of the Kara astrobleme, characterized by complex alternations of sedimentary 432 

rocks with different lithology but similar chemical compositions and a significant proportion of 433 

black shales and limestones, interpreting the X-ray microtomography results is complex and 434 

requires higher resolution without reducing of the analysis volume. The presented results point to 435 

the need to use CT micro- and nanotomography in combination. Microtomography of the Kara 436 

impactites would provide the general 3D petrological information of the whole rock while 437 

nanotomography would shed light on tiny details, including microdiamonds if present within 438 

within the small volume analyzed, given that their concentration is low in these rocks. On the 439 

other hand, chemically heterogeneous impactites having larger differences in the composition of 440 

their components compared to the Kara impactites can be effectively studied by X-ray 441 

microtomography.   442 

The effect of “underestimation” or “overestimation” of the natural attenuation coefficients of 443 

the materials that we evidenced is due to the high contents of fine dispersed and strongly 444 

contrasting micro-size phases. This indicates a possible application of such indirect information 445 

to obtaining 3D-information about the distribution of micro-size phases within the host rock. 446 
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Another application is to evidence different kinds of materials with contrasting inclusions and 447 

structural defects.   448 

Finally, the presented methodology, the determined artefacts from this survey and the 449 

interpretation of the data from X-ray computed tomography of the impactites from the Kara 450 

astrobleme can be applied to impactites from other astroblemes, and any other poly-mineral 451 

systems and materials. 452 
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FIGURE 1. X-ray tomographic artefacts in the specimen of impactite from the Kara 592 

astrobleme: a – apparent increase in X-ray attenuation coefficients in the peripheral part of the 593 

sample (red indicates artefacts and pore space), specimen overview. b - X-ray tomographic 594 

artefacts on a sample slice.  595 

FIGURE 2. Examples of artefacts formed as a result of the specifics of imaging (S2) and 596 

setting standards on the specimen (S3, S4) (S1 is the area with minimal influence by the 597 

artefacts), axial section of the specimen. The standards are labelled Gr (graphite), Q (quartz), and 598 

Ca (calcite), while the sample of clast-poor melt rock is located at the bottom of the image with 599 

artifacts zones S1, S2 and S3. The sample diameter – 4 cm. 600 

FIGURE 3. The measured attenuation coefficients for the used mineral standards: air (purple), 601 

graphite (red), quartz (green), calcite (yellow). 602 

FIGURE 4. Plots of the dependence of attenuation coefficients on X-ray energy for the 603 

standards, designed by MuCalcTool (Hanna and Ketcham, 2017). 604 

FIGURE 5. Comparison of natural slices of suevites and melt impactites (A-E) with the 605 

corresponding tomographic sections (F-J). 606 

FIGURE 6. Multimodal histograms of the frequency distributions of the attenuation 607 

coefficients of the matrix (M(1-3)), fragments of target rocks (C(1-4)) and strongly porous altered 608 

aluminosilicate melt fragment (L1) on an X-ray tomographic section: a – suevite Kr-135; b – 609 

matrix; c – fragment; d – total histogram. The specimen diameter – 4 cm. 610 

FIGURE 7. Suevites X-Ray tomograms: reconstruction of the distribution of CT data values 611 

(a-c), morphology of pore space and/or carbon substance (d-f), carbonate component (g-i) and 612 

sulfides (j-l) of three types of suevites (Kr-232, Kr-61, and Kr-135). The scale is the same in all 613 

images. 614 
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FIGURE 8. Clast-poor melt rock X-ray tomogram (Kr-72): a – initial clast-poor melt rock 615 

tomogram; b – pore space and/or carbon substance of melt rock; c – spatial relationships of melt 616 

rock matrix (grey), pore space and/or carbon substance (red) and carbonate component (blue). 617 

FIGURE 9. X-ray tomogram of melt inclusions in suevite II and reconstruction (Kr-41): a – 618 

tomogram image of fluid texture in the impact melt clast; b – reconstruction of two contrasting 619 

phases (blue – dense anatase-orthoclase, green – less dense anatase-orthoclase with carbon 620 

particles); c – reconstruction of pore space and/or carbon substance. 621 

FIGURE 10. Raman spectra of the studied clast melt rock sample and reference standard 622 

spectra: a–c – anatase-orthoclase aggregate (a – component 1, dense; b – component 2, less 623 

dense; c – reference spectrum of orthoclase); d – reference spectrum of anatase; e – spectrum of 624 

carbon particle from component 2; f – standard spectrum of glass-like carbon. 625 

FIGURE 11. SEM image and electron microprobe elemental mapping of the melt fragment 626 

Kr-41: a – secondary electron image; b – corresponding multi-element map; Si, Al, O, Ca, K and 627 

C - maps for individual elements. CM – crystallized impact melt, GL – impact glass, CR – 628 

carbon-rich field, CP – carbon-poor field. 629 
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Table 1. Description of the studied samples of impactite varieties from the Kara astrobleme 

Variety of 

impactite 

Sample 

number 

Sampling 

region 

General 

characteristics 
Texture 

Prevalent 

color 

Prevalent 

substrate 

Impact melt rock Kr-232 River 

Anaroga 

Silica-rich Massive Brownish Polymictic 

sandstone 

Impact melt clast Kr-41 River 

Kara 

Silica-rich Fibrous Light-

yellow/ 

grey 

Polymictic 

sandstone 

I type suevite Kr-61 River 

Kara 

Carbonate-rich Clastic Light 

brownish 

Polymictic 

sandstone 

II type suevite Kr-72 River 

Anaroga 

Silica-rich Clastic Grey Limestone 

III type suevite Kr-135 River 

Sopchau 

Carbon-reach Clastic Dark grey 

to black 

Black 

shales, 

coals 
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Table 2. Porosity data in different types of impactites of the Kara astrobleme 

Studied parameters 

Suevite (clastic impactite) Melt rock 
Melt clast in 

suevite 

Kr-135 Kr-232 Kr-61 Kr-72 Kr-41 

Total Matrix Total Matrix Total Matrix Total Total 

Studied volumea, 

million voxels 

 

1215 15 1136 15 1427 15 1231 1167 

Porositya, % 3.99 0.08 0.22 0.17 0.31 0.18 0.37 0.26 

Porosity (open)b, %  14 - no - 7 - - - 

Notes: a. X-Ray microtomography; b. I.A. Preobrazhensky`s method; total – total porosity; matrix – porosity of 

matrix. 
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