15th International SGEM GeoConference on……………
Geology

TRACES OF METEORITE IMPACT IN THE SEDIMENTS OF KARSTIC DOBRA RIVER (CROATIA)
Dr. Stanislav Frančišković-Bilinski1*, Dr. Arif M Sikder2, Dr. Halka Bilinski1, Dr. Carlos E Castano2,  Dr. Gregory C Garman2
1Institute „Ruđer Bošković“, Division for marine and environmental research, POB 180, HR-10002 Zagreb, Croatia
2Virginia Commonwealth University (VCU), Center for Environmental Studies, Nanomaterial Core Characterization Facility and Dept. of Chemistry  Richmond, Virginia, USA
ABSTRACT
Some years ago an unusual and unexpected anomaly of magnetic susceptibility (MS) was observed in sediments of the upper course of the karstic Dobra River (Croatia) during preliminary measurements of MS throughout the Kupa River drainage basin [1, 2]. In that study, following techniques have been used: magnetic susceptibility and Curie temperature, isothermal remnant magnetism (IRM), mineralogical analysis (using XRD) and chemical analysis (using ICP-MS). Thermomagnetic curves showed a distinctive Curie-point of magnetite at 580 °C, while additional transformation observed at 520–560°C derives from titanomagnetite. Magnetic particles from the Dobra River sediments contain pyroxene, plagioclase, hematite and quartz, in addition to magnetite. The ratio Ni/Fe versus Cr/Fe suggests that the magnetic spherules are most probably impactites. New and exciting finding of magnetic spherules in sediments of this karstic river deserved further field and laboratory research, which continued in collaboration with Virginia Commonwealth University (VCU), USA.

Petrographic analysis of polished thin sections in polarized transmitted light revealed that the magnetic particles are mostly made of vesicular glass with quench texture. Ballen textures are also observed in the lechatelierite and consisting of α-cristobalite.
Scanning electron microscopy and elemental mapping revealed immiscible phase of silicates and devitrification texture in the glasses.  Presence of micro-spherules of iron sulfide with traces of Cr, Ni and Co, along with iron sulfide spherule with immiscible compositional variability and Fe rich angular grains, probably Troilite, further supports already suggested impact origin of the magnetic spherules from the sediments of the karstic Dobra River. 
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INTRODUCTION, STUDY AREA AND SAMPLING
Magnetic spherules are small spheres or spheroids, with diameters ranging from less than one to several hundred microns. They are composed mostly of magnetite or other iron oxides either alone or in combination with silicates. These particles could originate from volcanic plumes, cosmic dust and fossil fuel combustion processes and include a significant fraction below 10 µm in diameter which may travel in excess of 3000 miles from source. 
The objective of the present study was to verify the provenance of the magnetic particles with petrographic and mineralogical analysis, utilizing magnetic particles of the fluvial sediments from the location of highest magnetic susceptibility and insignificant anthropogenic interference. 
The Dobra River, located in the central part of the Dinaric karst region of Croatia, is one of the most important tributaries of the Kupa River. It is 104 km long and has a drainage basin of 900 km2. Dobra has two springs, from which it flows till Ogulin, where it sinks. The Kupa River drainage basin is part of the Danube basin and covers 10,052 km2, mostly in Croatia, with minor areas in Slovenia, and Bosnia and Herzegovina. 

Geochemistry and geomorphology of this drainage basin was described in detail by Frančišković-Bilinski [3, 4]. A simplified geological sketch map of the Dobra valley area, including 16 sampling locations of this study, is presented in Fig. 1. A preliminary and exploratory sediment sampling programme was carried out in June 2011, to detect the region of magnetic particles, over the total length of the Dobra River. Sampling was performed during low water regime. To conduct the present investigations, additional sampling at D-9 was conducted in October 2014 and samples were sent to Virginia Commonwealth University (VCU) for further petrographic and mineralogical analysis.
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Figure 1. Simplified geological map of the Dobra valley including sampling stations
METHODOLOGY, RESULTS AND DISCUSSION

Magnetic properties of sieved fractions of sediments

The measurements of mass–specific MS (χ in m3/ kg) were carried out on a Multifunction kappa-bridge MFK1-FA (AGICO, Brno, Czech Republic, Field 200 A/m, Freq. 976 Hz) with a CS3 furnace apparatus. For IRM determination, a Pulse Magnetizer Model 660 (2G Enterprises, Ca, USA) was used for magnetisation of samples and IRM measured with a DC-Squid Magnetometer (2G Enterprises, USA).
Increased mass MS and IRM values were observed mostly in sediments of the Upper Dobra, above the Djula sinking hole in Ogulin. Sediments (D-0 fine fraction) and (D-5, D-6 and D-9, coarse fraction) show the highest mass susceptibility and also increased IRM. Characteristic heating and cooling paths up to 700°C for three selected samples: (D-0, f<63 μm; D-6, f<2 mm; D-10, f<63 μm) show that the main carrier mineral is magnetite, as indicated by a drop of the susceptibility at temperatures around 580°C. In sample D-6 additional transformation in the range 520-560°C is also observed, due to titanomagnetite [1]. 
Mineralogical composition of magnetic grains

A Philips PW 3040/60 X’Pert PRO powder diffractometer and CuKα radiation (λ = 1.54055 Å) at 40 kV and 40 mA was used, with a graphite monochromator. 
Semi quantitative X-ray Diffraction analysis of the separated magnetic particles identified Magnetite (Fe3O4) in four samples (D-0, D-5, D-6, D-9). Pyroxene was also identified in four samples (D-0, D-5, D-6, D-9); Quartz was identified in four samples (D-4, D-5, D-6, D-9); Hematite was identified in three samples (D-4, D-5, D-6). Plagioclase was identified in three samples (D-4, D-6, D-9); Dolomite was identified in two samples (D-0, D-4); Calcite was identified in one sample (D-0); Muscovite in one sample (D-4); Goethite in one sample (D-5) [1].
Elemental composition of sediments and of separated magnetic grains
Metal contents were detected by Inductively Coupled Plasma Mass Spectrometer (ICP- MS), Elan 9000, Perkin Elmer, after destruction of samples with suprapur nitric acid and 2.5 puriss hydrochloric acid (3:1) in an Anton Paar Multiwave 3000 Oven.
The bulk chemical analysis of selected magnetic grains indicates that the major constituent of the spherules is iron. Minor components are Al, Ca, Si and Mg. Other elements are in trace concentration. The element ratios (Ti/Fe, Cr/Fe, Mn/Fe and Ni/Fe) could be used for identification and distinction of terrestrial (volcanic, anthropogene) and extra-terrestrial magnetic spherules [5]. On the basis of the Ni/Fe ratio, it might be deduced that origin of the magnetic spherules is related with terrestrial impact cratering. From Mn/Fe ratio, it can be suggested that there is no great difference in all samples (f <2 mm), except in D-0 (f <63 µm). Magnetite could also be formed via thermal decomposition of iron dolomite, which was found earlier in the Upper Dobra [3]. In the study of Mars, it was suggested [6] that Fe-rich particles might be produced when complex carbonate decomposes rapidly during a shock event of possible cosmic impact. Similar glass spherules were found earlier at location Dubci (Croatia) and described as possible evidence of a Lower Pleistocene impact [7].
Morphology of the magnetic grains
Magnetic particles were hand separated with very strong rare-earth magnet from the sediment sample D-9. Separated particles were visually inspected under a stereomicroscope and the spherules were picked up with nonmagnetic tweezer. Most of the magnetic particles are irregular, only about 10% display spherical shapes, including teardrops. The spherules range 10 micron to couple 5 mm in diameter. The spherules are mostly broken, except few. They are mostly black with few highly reflective ones, although few spherules display different shades of color and apparent fusion coating of reddish brown color.  
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Figure 2. Photomicrograph of the magnetic spherules from D-9, f<2 mm, magnetic fraction, magnification 10X

Morphologically interesting spherules were picked up for further analysis with SEM EDS (Hitachi SU70). Even in very low magnification (45 to 60X), the surface of the spherules display micron to mm sized spherical vesicles. Higher magnification (400X) reveals some decorated surface texture of radiating needles and octahedrites.   
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Figure 3. Electron micrograph (SE mode) of the magnetic spherules from D4 and D9 taken with SEM (Hitachi SU70) 
Bulk chemical composition of the magnetic spherules determined by Energy Dispersive Spectrum (EDS) illustrates a different scenario with strikingly two different types of spherules in the sediments of locations D-4 and D-9. Out of 15 spherules analysed with EDS, 2 spherules are found to be dominantly formed with Fe (82-86%) while rest are dominantly formed from Si (22-55%) with varying concentration of Ca, Al, Mg and Fe. 

Spherules primarily composed of iron and/or magnetite might be anthropogenic in origin, so extra precaution is taken in selecting the spherules for further investigation. 
Transmitted and Reflected Light Optical Microscopic Study

Double polished thin sections were analysed with Nikon Eclipse LV100D microscope in both transmitted and reflected plane polarized light, to understand the optical properties of magnetic particles. Analysis revealed that the magnetic particles are mostly consisting of phenocryst free brownish vesicular glass with schlieren (i.e. flow-banded) and irregular mineral fragments, probably the partially melted grains of quartz, i.e. lechatelierite (Fig. 4a). The presence of small unaltered quartz grains (small scattered white areas) in the impact melt indicates that the lechatelierite did not form by simple in-place thermal melting in a very-high-temperature melt. Most of the transparent to translucent grains shows well-developed flow structure with discrete bands and streaks (schlieren) of silica glass (Fig. 4b). 
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Figure 4. Transmitted plane polarized light optical photomicrograph of a. brownish flow-banded glass contains vesicles and irregular mineral fragments (lechatelierite), b. glass with flow bands (schlieren). 
The lechatelierite grains are full of scattered crackled texture (ballen texture) produced by devitrification of the silica glass to silica minerals. When such bodies of lechatelierite cool, a combination of thermal stress and crystallization produces a distinctive “crackled” pattern of curved fractures in the original glass and texture is a distinctive feature of lechatelierite in impact melt rocks (Fig.5). 
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Figure 5. Transmitted light optical photomicrograph of typical ballen texture. 50X
Scanning Electron Microscopy and Elemental Mapping 

To understand the relationship between the elemental phases and texture of the magnetic particles at micro level, analysis of selected polished carbon sections were performed with Zeiss Auriga FIB-SEM and Hitachi Su70 in both secondary and back scattering mode at the Nanomaterial Core Characterization Facility of VCU. Interesting objects were further analysed with EDAX for point analysis and elemental mapping.
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Quench texture consisting of micro crystals of clinopyroxene are observed in the silica melt, which is typical for rapidly cooled melts formed from meteorite impact (fig. 6a). Phase separation and the heterogeneity of impact melt is developed due to target-projectile mixing and rapid crystallization. Immiscibility of liquid phases is a consequence of chemical interaction between projectile (Fe meteorite) and target melt that were mechanically mixed during or before cooling [8].
Fig 6. a. Quench texture developed by xenoliths of Clinopyroxene (Cpx) in silica melt (SiO2) and b. protrusion of microtektite in vesicular mass with Fe-dendrites.
 A unique protrusion of silica rich dumbbell, probably a microtektite, is observed on the surface of a larger vesicular grain with quench texture, i.e. Fe-dendrites (Fig. 6b). The protrusions of microtektite in larger mass probably resulted from agglutination of the heterogeneous objects in proximal setting of impact cratering [9].
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Figure 7. Troilite in iron sulfide spherule in silicate matrix, a. SEM image in SE mode, b. EDS spectra from elemental mapping.
Troilite is identified in a spherule of iron sulfide with immiscible phases and traces of Cr, Ni and Co. The angularity along with heterogeneity in the size of the grains explicitly explains differential quench crystallization of the metal sulfide melt. Lack of silicates in the spherule reflects different thermal conditions and melting at temperatures >~850 °C followed during post-impact metamorphism by in situ crystallization [10].
Micro Raman Spectroscopy
To determine the polymorphs of silica, Raman spectra were obtained in the range from 75 to 1500 cm-1, with a 300 s acquisition time, by using the Horiba LabRAM HR Evolution Confocal micro-Raman spectrometer with a 20 mW, 532 nm He-Ne-laser excitation system, a grating with 600 gm/mm, and a thermoelectrically cooled CCD array detector at the Nanomaterial Core Characterization Facility (NCCF) of VCU. 

The ballen textures observed in the polished thin sections with the optical microscope in both transmitted and reflected light were selected for further identification of silica polymorphism. Characteristic Raman spectra of α-cristobalite have been acquired for ballen and show the four peaks typical for α-cristobalite at 111–113, 227–229, 413–417, and 780–782 cm-1. All the ballen texture studied in the samples from the locations of Upper Dobra River consists of α-cristobalite [11].
The ballen texture is formed from diaplectic quartz glass and lechatelierite, nucleating at high temperatures. Obviously, the formation of ballen silica requires special conditions, because otherwise such features would be abundant in volcanic rocks. The ballen texture consisting of α-cristobalite is the result of back-transformations from shock-induced states and its presence is considered as the impact-characteristic criteria [12].
CONCLUSIONS
Magnetic spherules were for the first time discovered in stream sediments of the sinking karst Dobra River (Croatia). Significant correlation between magnetic susceptibility and elements determined in total sediment (f <2 mm) is absent [1]. Magnetic spherules seem to be impactites from the diagram Ni/Fe vs. Cr/Fe, consulting literature [5]. 
Detailed petrographic analysis revealed that most of the magnetic particles are made of vesicular glass with quench texture. The identification of the ballen textures in the lechatelierite and consisting of α-cristobalte, along with the presence of immiscible phase of silicates and devitrification texture in the glasses rather indicates more towards the meteorite impact origin of the magnetic spherules than volcanic. Formation of Fe enriched dendrites and the radiating needle in the devitrified glass due to thermal decomposition and very rapid cooling is probably responsible for development of magnetism in the silica rich spherules. Majority of the magnetic particles (>85%) are composed dominantly of Si, Al, Ca, Fe and Mg with trace amount Cr, Ni and Co, Furthermore, presence of micro-spherules of iron sulfide with immiscible compositional variability and the occurrence of troilite further supports already suggested impact origin of the magnetic spherules from the sediments of the karstic Dobra River. Protrusions of dumbbell shaped silica rich microtektite in larger spherule probably resulted from agglutination of the heterogeneous objects in proximal setting. 

Further detailed geological field investigation in the Upper Dobra River Watershed is required for the fingerprinting the source of the magnetic spherules.  
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